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Preface 


Rationale and history 


The extraction of fossil fuels and mineral resources has grown exponentially since the 
early 20th century and far from decelerating, it is expected to increase in the coming 
decades. “The Limits to Growth” (Meadows et al., 1972) already alerted that if 
demand of metals and fossil fuels maintained the same trend, mankind would sooner 
or later be close to collapse. The book provoked a strong controversy between those 
that considered that the Earth was plentiful of non-renewable resources (techno- 
optimists) and those who believed in the need for a rational management of the 
planetary mineral endowment. 

Forty years on society has experienced an unparalleled economic optimism (espe- 
cially in the nineties and the first few years of the 21st century) and also the biggest 
economic crisis since the Wall Street crash in 1929. At the same time, comput- 
ers, smartphones, the electric car, renewable energies, new materials and electronic 
appliances are renovating the optimism for a brighter future. Yet all these techno- 
artifacts are deeply connected to the mineral endowment of the Earth. Elements like 
indium, gallium, germanium, rare earths, tantalum, zirconium, cobalt, tin, precious 
and platinum group metals, lithium, tellurium, phosphorous, etc, are profusely used 
without or with only minor recycling. 

How long can society survive without a rational management of these scarce 
resources? Today, technology is employing all elements of the periodic table and 
their use is growing exponentially. Yet this fact is barely discussed in conventional 
ecological discourse that preferably focuses on climate change, loss of biodiversity, 
deforestation or ecosystems destruction. Instead, the problem of a future lack of 
abiotic resources is “readily solved” with the ideas that the Earth’s crust is almost 
unexplored (oceans, the poles, deep underground mines, etc) and that technology 
‘will overcome” any potential market disruption. The truth however is quite diffe- 
rent, with mining companies telling another story. Ore grades are declining, which 
involves ever greater amounts of energy, water and waste rock per unit of extracted 
material, as well as a greater environmental and social impact which leads to radical 
opposition to the opening of new mines. Not to mention corruption and wars for 
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“conflict minerals’, something which is becoming quite an issue. Besides that, coun- 
tries with important endowments of sought after minerals (especially those with a 
strong economy) have a greater consciousness of such a scarcity and consequently 
increase taxes on mining or apply quotas to the export of raw materials. The conse- 
quences are clear: society must treat minerals as an important issue that needs an 
integrated global approach, as it did with climate change when the United Nations 
took the lead with the IPCC. This approach will someday entail a global accounting 
system which will pave the way for its inclusion in nation to nation environmental- 
economic accounts and perhaps eventually in a unified management of the planetary 
mineral endowment. 

Unfortunately matters like assessing depletion, dispersion and scarcity are far 
from easy. One lacks indicators that could be used to make a conscious and yet sim- 
ple accounting of the year to year loss of the mineral endowment on Earth. Money, 
which is typically used, is not a good indicator. After all, what is the monetary 
value of minerals yet to be extracted or even discovered? Mass, also proposed as 
a yardstick, does not apprehend quality but quantity, something which could be 
solved using a thermodynamic approach. The purpose of this book therefore is to 
develop a rigorous thermodynamic method to assess the loss of abiotic resources on 
Earth. 

This endeavour began in 1999 with the ecological economist José M. Naredo! and 
Antonio Valero on the publication of “Desarrollo Econémico y Deterioro Ecélogico” 
(Economic Development and Ecological Deterioration), in which the broad outline 
of the book that the reader now holds in his or her hands was defined. 

Previously, the exergy cost proposed by Valero et al. (1986) in the General 
Theory of Exergy Saving? theoretically connected the economic cost to that of the 
more comprehensive measurement of energy, that is to say exergy. Cost is formed by 
the sum of resources necessary to produce something and all the physical resources 
can be precisely measured with exergy. Therefore, as every exergy loss is a physical 
indication of irreversibility, the roots of Economics with those of Thermodynamics 
were grafted. Thus a solid base for the new discipline of Thermoeconomics, first 
developed by authors such as M. Tribus, R. Evans, Y. El-Sayed, R. Gaggioli, J. 
Szargut, R. Le Goff, G. Tsatsaronis, M. von Spakovsky, Ch. Frangopoulos and An. 
Valero among others in the 1980/90s to optimise thermal systems, was established. 
It then became apparent that the search for the “process of cost formation” was not 
a matter of only optimising energy systems but a profound reflection of the physical 
bases of Economics. 

Indeed concepts like resource consumption, the management of scarcity, cost, 
price and value belong to Economics. Whilst concepts like irreversibility, the 
destruction of resources, the optimisation of systems to minimise losses, energy, 


1 José Manuel Naredo obtained the Spanish National Award on Economics and Environment in 
2000 and the International Award on Geocritics in 2008. 
2This theory received the ASME Edward F. Obert Award in 1986. 
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entropy and exergy are essential components of Thermodynamics. There were thus 
evident connections and coincidences with words that diverged in their definition. 
This is something that became clear for Georgescu-Roegen (1971) who provided 
the foundation for the interpretation (and critique) of Economics from a Thermo- 
dynamic perspective in his “The Entropy Law and the Economic Process”. 

Back in 1971 of course, Thermoeconomics had only just been proposed by M. 
Tribus, Y. El Sayed and R. Evans and still had much to be developed. The ideas 
at that time were far from concrete and were applied without any corresponding 
rigourous definitions. Meanwhile, Georgescu-Roegen and the pleiad of ecological 
economists that followed his trail were thus unable to take full advantage of the 
new intellectual paths and pursuits that Thermoeconomics was opening up. Indeed 
Thermodynamics was widely used as a source of metaphors rather than a powerful 
quantitative instrument. Accordingly, whilst terms such as “low entropy” resources 
or “irreversibility” had become common property of ecological economists, their use 
did not go beyond attempting to explain further those concepts that had always 
fallen under the umbrella of classical economics. In this respect, the book by J.M. 
Naredo and A. Valero was a piece of the puzzle in the link between Economics 
and Thermodynamics. Unfortunately, as it was written in Spanish the book was 
inaccessible for the majority of ecological economists. 

Despite this fact, Naredo and Valero (1999) showed that in uniting the words 
“cost” and “exergy” into a sole concept carried with it the implicit message that 
Economics and Thermodynamics could walk hand in hand into a new branch of 
knowledge. This is because each time society produces something, a simultaneous 
irreversible deterioration of a given resource occurs. Furthermore, if Economics is 
used to explain “value creation’, Thermodynamics can describe and quantify the 
“resource destruction” that comes about in the creation of that value. They are, in 
short, the Ying and Yang. All benefits can thus be associated with loss because as 
all products sooner or later deteriorate, they all at some point become lost. This 
fact is of paramount importance. 

Today governments, companies and even people are creating money out of debt. 
This debt is supposedly to be paid in the future with work that will unavoidably use 
natural resources which in turn need to be extracted. Therefore, Thermodynamics is 
telling us that humanity is nothing short of mortgaging the Planet’s non-renewable 
resources and driving their depletion. Economic development, with its detrimental 
ecological impact has thus its “dark side of the Moon”. In summary, people pay 
people, not Nature, meanwhile Earth deteriorates. This is why this book addresses 
a thermodynamic way of assessing its abiotic degradation, not its economic growth. 

Unfortunately, Thermodynamics is not an easy science to understand and needs 
further investigation in its applications and connections with other sciences. A good 
conceptual bridge is exergy since it is a physical measure of distinction. People value 
distinction and put prices on it. It is only perceived when one compares something 
with its surroundings. Therefore, distinction is deeply related to economic value 
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and in turn with Physics. In fact, exergy accurately measures, in energy terms, 
the distinction of a piece of matter with respect to a given Reference Environment. 
Thereby if one wants to assess the “planet’s resources”, i.e. those objects that can 
be distinguished from a surrounding commonness, the exergy concept and an ad hoc 
Reference Environment would be the physical tools for such endeavour, as proposed 
in this book. 

In short, the book that you have in your hands, dear reader, is the concep- 
tual and quantitative advancement on that presented previously by Naredo and 
Valero (1999). Fifteen years on, an important number of Masters, PhD theses and 
scientific papers have been published, paving the way for Thanatia, a conceptual 
model of a resource exhausted Earth and a reference baseline that allows for the 
exergy calculation of abiotic resources. In this book, the authors have calculated 
the exergy replacement costs for hundreds of minerals. They have proposed a new 
thermodynamic methodology to evaluate the degree of mineral exhaustion and have 
established a complete vision of the planetary abiotic resources in a cradle-to-cradle 
approach. It was not our aim to write a text book but rather present Thanatia 
as a concept with its explanatory power in the evaluation of the Earth’s mineral 
accounts. A very useful complementary text book on the subject is that of Rankin 
(2011). 

Apart from us, there has been considerable activity in the last few years con- 
cerning raw material criticality and its impact on society, led by the efforts of the 
United Nations, American, Australian and European research centres and admin- 
istration offices. The International Resource Panel of UNEP, CSIRO, the USGS, 
the DOE, the American Physical Society, Yale and MIT or many other universi- 
ties, professional associations and mining and metallurgical companies stand out 
for their growing interest in the subject, something that a few years ago was very 
limited. At the European level, the European Environment Agency in Denmark, 
the Joint Research Centre from the European Commission, the Hague Centre for 
Strategic Studies in the Netherlands, the Fraunhofer and the Wuppertal Institute 
in Germany, the IFF in Vienna, geological surveys such as BGS, IGME or GFZ 
and universities such as Cambridge, Leiden, Uppsala and Florence amongst others, 
have paid a significant role in raising awareness as to the criticality of key mineral 
commodities. In the near future, the importance of this issue is set to gain more 
relevance, especially in Europe as corroborated by the European Innovation Part- 
nership for Raw Materials and the inclusion of this topic in the EU Framework 
Programme for Research and Innovation - Horizon 2020. That said, considerable 
research is still needed. We are in the beginning of a very critical endeavour: the 
global management of our common mineral endowment and yet it lacks appropriate 
indicators for a systematic accounting. 

In this respect, the Scientific Committee for Physical, Chemical and Mathemat- 
ical Sciences of Europe has proposed a Scope Paper stating that “Thermodynam- 
ics can provide today the scientific tools in order to develop a common scale to 
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quantify mineral resources in terms of high or low quality energy, whilst providing 
accompanying life cycle analyses in order to compare extraction with the recycling 
of materials”. This is in short the rationale of this book. 


Structure of the book 


Thanatia, the Destiny of the Earth’s Mineral Resources, in addition to establishing 
a thermodynamic cradle-to-cradle mineral assessment, can be viewed and used as a 
handbook. The reader will explore the fundamentals of the various different disci- 
plines necessary to have a holistic view of the problem of mineral depletion. Its wide 
scope thus covers the core aspects of geology, geochemistry, mining, metallurgy, eco- 
nomics, the environment and of course thermodynamics and thermochemistry. He 
or she will have access to a large number of tables and figures that are the result 
of an exhaustive and complex literature review and data compilation which serve 
to enrich the understanding of the aforementioned disciplines. These include de- 
tailed compositions of the different layers of the Earth, energy and mineral resource 
inventories, historical averages as to mineral extraction, energy consumption and 
environmental impacts in the mining and metallurgical sector, world recycling rates 
of commodities, etc. 

Although we have structured the book in a logical fashion, so as to read it from 
cover to cover, we also invite the reader to cherry pick those parts or individual 
chapters that he or she finds most interesting. This is because we have purposely 
written it in such a way that each part and even each individual chapter consti- 
tutes its own separate entity. It therefore appeals to both practitioners and non 
practitioners of Thermodynamics alike. 

This book is divided into four major sections that effectively constitute the pieces 
of a puzzle, becoming solved in part no. 4: 1) The threads: Minerals, Economy 
and Thermodynamics; 2) Over the Rainbow: From Cradle to Grave; 3) Down the 
Rainbow: From Grave to Cradle; and 4) Tying the Rainbows: Towards a Rational 
Management of Resources. 

In the first part, in Chap. 1, the implications of resource scarcity and depletion 
are discussed and the strong interlinkages between minerals, energy and environ- 
ment explained. The need to urgently account mineral wealth is shown. In this 
respect, Chap. 2 undertakes a review of what and how economists, accountants and 
physical scientists have contributed to abiotic resource depletion assessment. The 
following chapter, Chap. 3, analyses how Thermodynamics, through its laws, pro- 
vides a suitable framework for this endeavour. Key concepts such as irreversibility, 
the property exergy and exergy cost are introduced as is the discipline that unifies 
Thermodynamics and Economics, Thermoeconomics. Finally, in Chap. 4, the the- 
ory of Physical Geonomics which derives from Thermoeconomics, is explained. It is 
the Physical Geonomics approach that provides the tools for the mineral resource 
assessment carried out in this book. 
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In the second part, a review of the planetary resources and the technologies 
used for their extraction is undertaken. In Chap. 5 a comprehensive analysis of 
the Earth’s geochemistry is presented, focusing predominately on the atmosphere, 
hydrosphere and upper continental crust. For the latter, the chemical composition 
and concentration is provided. Chap. 6, meanwhile, creates a global inventory of 
the principal energy (both renewable and non renewable in origin) and mineral 
resources. It thus analyses all of the potentially available resources that Nature 
provides, those which could be effectively obtained using technology into the near 
future and those which are used today. Subsequently, in Chap. 7, a general overview 
of the main physical processes, costs and impacts associated with the mining and 
metallurgical industry is given. Since such industries depend highly on the mine- 
rals involved, Chap. 8 lends itself to an extensive review of the processing of key 
commodities. 

With the third part, the book enters into the thermodynamic dimension of mine- 
ral resources. The tools for a thermodynamic evaluation of minerals are provided in 
Chap. 9. The thermodynamics behind mineral formation, separation, scarcity and 
mining are explained. Additionally, the formulas used to calculate both exergy and 
exergy cost of the three components that make a mineral valuable from a thermody- 
namic point of view are given: composition, concentration and cohesion. Chap. 10 
provides one of the most important ingredients for any exergy assessment, i.e. the 
establishment of a coherent baseline. Accordingly, the concept of the degraded 
Earth which we coined Thanatia is explained and the Crepuscular Earth Model, 
our quantitative assessment of Thanatia is developed. In Chap. 11 and Chap. 12 
the exergy assessment of mineral wealth is undertaken. In the former, through the 
property exergy, resources are calculated. It quickly becomes evident that despite 
its rigorousness, exergy as a property alone fails to provide a realistic appreciation 
as to the value of mineral resources. This is why we have to resort to exergy costs 
in Chap. 12. A more dynamic dimension to mineral depletion is given in Chap. 13, 
in which the Hubbert Peak Model is applied in exergy cost terms so as to estimate 
when the zenith of mineral extraction first for Australia and then for the entire 
globe may appear. 

Finally, having constructed a global vision as to the problem of mineral resource 
depletion, we propose in the last part ways in which to stop or at least slow it 
down. In Chap. 14, recycling and urban mining solutions are analysed and their 
contribution to the conservation of minerals discussed. Chap. 15 is a reflective piece 
that takes a hard look as to why mineral resources are still not being managed 
efficiently and gives the reader food for thought as to what one could do to improve 
this situation. In Chap. 16 concrete measures for improving resource efficiency are 
proposed through the establishment of 12 basic principles. In the epilogue, Chap. 17, 
all the main outcomes of the book are summarised and a way to cross over from 
the theoretical to the practical level is suggested. 
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All in all, this book tries to answer the following questions: 


e Chap. 1: How is the demand for minerals increasing? How might it affect 
the development of the so-called green economy? 

e Chap. 2: How have economists, accountants and physical scientists con- 
tributed to the assessment of mineral resource depletion and the associated 
environmental impact? 

e Chap. 3: Why can Thermodynamics, more so than any other discipline, 
provide the central framework for the assessment of energy and mineral 
degradation? Which of its principles can be taken to accomplish this? 

e Chap. 5: What is the chemical composition of the Earth’s natural spheres? 

e Chap. 6: What is the natural provision of the Earth in terms of energy 
resources and which of these could we or do we use to sustain society? 
What are and at which grade are non-fuel mineral reserves and resources 
currently found on Earth? 

e Chap. 7: What are the costs associated with mining and metallurgical 
activities? 

e Chap. 8: What is the energy consumption and the environmental impact 
of extraction, beneficiation, smelting and refining of the most important 
mineral resources? 

e Chap. 9: Which are the thermodynamic tools that depict the phenomena 
of mineral formation, separation, scarcity and mining? Which of them are 
required for the exergy calculation of both fuel and non-fuel minerals? 

e Chap. 10: What is the most suitable baseline for an exergy assessment of 
mineral resources? If what we coined as Thanatia is the answer, what is 
the chemical composition and concentration of its constituents? 

e Chap. 11: What is the enthalpy, Gibbs free energy and exergy of the planet 
as a whole? And of its resources? 

e Chap. 12: What is the exergy replacement cost of non-fuel minerals? And 
how does its order of magnitude compare to the energy costs associated 
with mining and metallurgy? 

e Chap. 13: How fast and to what extent is humankind degrading Nature’s 
mineral exergy wealth? When will each element’s production likely peak, 
or has it done so already? 

e Chap. 14: What is the current state of recycling and urban mining solu- 
tions? Do they sufficiently address the problem of mineral scarcity and 
depletion? 

e Chap. 15: Why are mineral resources still not managed properly and what 
should be done to improve this situation? 

e Chap. 16: Which concrete measures serve to increase resource efficiency? 

e Chap. 17: What are the key messages the reader should take home and 
how can Thanatia, the Destiny of the Earth’s Mineral Resources be used 
to create a common sustainable path into the future? 
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Lastly, the reader is asked to understand that developing a book of this nature 
has been incredibly challenging albeit rewarding. This is because we have tried to 
quantify what has been traditionally regarded as only expressible in a qualitative 
form. The data presented is surely not perfect but a first step of hopefully many, in 
the further development of this theoretical framework. We, the authors aspire that 
our endeavour will one day form part of a legitimate platform in the geopolitical 
debate on sustainable resource management. Thus whilst we may at times have 
committed mistakes, for which we ask the reader for understanding and patience, 
we firmly believe that the truth behind our message stands. 
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Chapter 1 


The Depletion of Non-Renewable Abiotic 
Resources 


1.1 Introduction 


This first introductory chapter describes past and future consumption trends of 
raw-materials and discusses the linkages between minerals, energy and the environ- 
ment. It then analyses the IEA scenarios concerning future energy demand and the 
subsequent implications on raw-material use. 

Furthermore, a set of examples are used to demonstrate how growth in demand 
for those minerals said to be at the centre of sustainable technology development 
may actually put at risk the very establishment of the Green Economy. 

The chapter then goes on to provide a brief description of selected studies on 
the criticality of raw materials, where the most significant ones for the EU and US 
are identified. 

Finally, a discussion on the implication of resource depletion is undertaken. It 
clearly shows the need to urgently account for the mineral wealth on Earth and the 
speed of its exhaustion. 


1.2 The demand for minerals 


Minerals, energy and environment are strongly dependent on each other and will be 
even more so in the future. According to the International Energy Agency(IEA)*, 
between 8 and 10% of all global energy consumption, not counting transportation 
or other activities such as manufacture or recycling, is dedicated to the extraction 
and processing of those materials that society demands. There are no materials 
without energy but equally no energy without materials. Given that demand for 
energy has risen since the beginning of the 20th century it is not surprising that the 
use of fossil fuels has grown exponentially as has the need for minerals (see Fig. 1.1 
and Fig. 1.2). 

Fossil fuels maintain the present state of civilisation: they heat and cool build- 
ings and provide mobility and electricity, permitting interconnections and social 


'IEA: http : //www.iea.org/. Accessed June, 2013. 
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networking. They also move industry and build the infrastructures that mankind 
relies on i.e. roads, the electrical grid, schools and hospitals and even the equipment 
inside such institutions or on the roads: the cars, electronics and a whole host of 
other devices. 

Non-fuel minerals are equally essential to society with the average new born 
American, according to the Institute for Mineral Information”, consuming in their 
life time (77.9 years): 12,614 kg of iron ore, 2297 kg of aluminum (bauxite), 424 kg 
of copper, 389 kg of lead, 212 kg of zinc, 45.4 g of gold, 17,526 kg of cement, 14,876 
kg of salts, 7,667.5 kg of phosphate rock, 5,795 kg of clays, 494.4 million tonnes of 
stone, sand, and gravel, 18,374 kg of other minerals and metals, 230 tonnes of coal, 
240.1 toe of petroleum and 163.3 toe of natural gas®. 
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Fig. 1.1 Production of the main non-fuel mineral commodities on Earth in the 20th century 


The Earth has become a huge mine. The 2010 global demand for minerals was 
45,000 million tonnes. Those most highly consumed are the fossil fuels, construction 
materials such as lime, gypsum, gravel and sand and the salts such as sodium 
chloride, potassium chloride and phosphates. As for metals, consumption rates 
were led by iron, aluminium, copper, manganese, zinc, chromium, lead, titanium, 


?See: Institute for Mineral Information, (2011). Available at: http : //www.mii.org/pdfs/ 
/Baby_Info.pdf, Accessed Aug. 2012. 

3 Additionally, Cohen (2007) published that the average world citizen will use the following mi- 
nerals: chromium, 131 kg; nickel, 58.4 kg; platinum, 45g; tin, 15kg; antinomy, 7.13 kg; uranium, 
5.95 kg; silver, 1.58 kg; gold, 48 g; tantalum, 180 g; germanium, 10 g; gallium, 5 g, and no minor 
amount of indium and hafnium. 
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Fig. 1.2. Production of the world’s conventional fuels throughout the 20th century. Values are 
expressed in exergy units 


and nickel (Wellmer and Steinbach, 2011), contributing to billions of tonnes of waste 
rock*. In addition, based on figures from the late 1990s, mining was responsible for 
13% of the global sulphur dioxide emissions whilst an estimated 40% of the land 
used by mankind was threatened by the sector’s activities. Halada et al. (2008) 
made a forecast based on a linear decoupling model relating to the per capita metal 
consumption versus GDP per capita for BRICs°® and the G6°. According to this 
forecast, by 2050, collective metal consumption will surpass current levels some 
fivefold whilst the demand of very important ones (Au, Ag, Cu, Ni, Sn, Zn, Pb and 
Sb) will be greater than their current reserves. This is despite the fact that the 
mining sector contributes at 0.5%, only a tiny fraction of direct employment and 
represents only 0.9% of the “gross world product” (Sampat, 2003). The true costs: 
the depletion of non-renewable resources and the degradation of ecosystems are 
much larger and continue to climb. 

Nature is no longer found in abundance. If it were, perhaps the contribution of 
mining would not be so devastating. The intense technological development of the 
20th century is however forcing society, ever increasingly aware of the detrimental 


4 About 900 million tonnes of metals were extracted in 2000, leaving aside more than six billion 
tonnes of waste rock (Whitmore, 2006). 

5BRIC refers to Brazil, Russia, India and China, which are all deemed to be at a similar stage 
of newly advanced economic development. 

6G6: an acronym that refers to the six world’s wealthiest countries: France, Germany, Italy, 
Japan, the United Kingdom and the United States. 
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effects, to react. One of its responses is the development of corrective abatement 
measures such as the Kyoto Protocol (1997). This protocol is a tool designed to 
slow climate change and the associated impacts on the environment. Another reply 
is the stimulation of the global conscience and consciousness formed around the 
idea that there is a loss of wealth that will not and can never be replaced. In other 
words, there is quite simply a growing realisation: there is a limit to growth. 

In fact, it’s been “just” forty years since the Club of Rome’s publication of the 
book Limits to Growth (Meadows et al., 1972). The book predicted that population 
growth, coupled with the exponential use of fossil fuels and minerals would drive 
the world to the verge of collapse in only a few generations. This projection became 
increasingly real and bothersome with the subsequent oil crises of the seventies and 
eighties, only to be forgotten during the “bubble boom” of the late nineties and 
early 2000s. At this point world growth was fuelled by a consumption founded on 
the idea that: 


(1) The planet can absorb all the environmental impacts caused by societal deve- 
lopment. 

(2) Mineral and energy resources are sufficient to maintain indefinite growth. 

(3) Innovation and human ingenuity through technological development will outrun 
any existing and/or future problems. 


With hindsight, one becomes increasingly aware that the lack of precise data 
and hence inexact and early predictions about future shortages does not weaken 
the Club of Rome’s message. Environmental problems on a global scale have wors- 
ened and the ecological footprint of developed world citizens on Earth is beyond 
which the planet can support. Yet, somewhat paradoxically, since the 1980s sig- 
nificant declines in almost all commodity prices have occurred. This is arguably a 
consequence of increased economic activity, rather than geological availability, with 
new market entries from developing world producers, having stimulated new discov- 
eries that have compensated the growth in demand (Machado and Suslick, 2002). 
However, a strong BRIC-led market cannot be sustained indefinitely as long as ore 
grades in existing mines continue to decline and new geopolitical problems surface. 

Of course it is important that each mineral is treated on a case by case basis 
with some subject to physical scarcity, some to political interests (as is the case 
of platinum group metals-PGM), some to technological limitations (e.g. rhodium), 
some to supply shortages (such as with the rare earths) some to economic reasons 
(e.g. copper), some to environmental issues (e.g. lead, cadmium or mercury) and 
others to an irreversible decline due to the impossibility of either substitution or 
recyclability (e.g. phosphorous). 

In short, questions (and answers) surrounding sustainability of mineral re- 
sources, including geopolitical, environmental and economic issues are key to the 
wellbeing of future generations. 
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1.3. Energy and environment 


Accelerated environmental change and industrial growth means that Man is increas- 
ingly exposed to melting at the poles, an increased liberation of copious amounts 
of GHGs and significant rises in sea levels’. Likewise the planet is experiencing 
increasingly frequent extreme weather events including heat waves, droughts and 
flooding. Temperature variability is also expected to result in a huge loss of for- 
est cover, mass species extinctions and expanded disease mobility, as vectors once 
found only in tropical areas migrate towards the poles. It is even possible that global 
warming will change the dynamic of the Atlantic Gulf Stream and subsequently the 
global ocean circulation generally (Warren, 2011). 

It is difficult to predict effects on individual countries or regions should this 
occur, but this is, incidentally, the rationale behind the International Environmental 
Agency (IEA) 450 Scenario, one of the three presented in its World Energy Outlook 
2010 (IEA, 2011b)§. The 450 Scenario analyses the prerequisites needed to limit 
the global average temperature increase to 2°C (equivalent to 450 ppm atmospheric 
CO, concentration, hence the name). Yet whilst a rise of an “only” 2°C above 
average pre-industrial level temperatures, as a consequence of “unavoidable” fossil 
fuel consumption, may be considered “reasonable” internationally, allowing it to 
occur may still cause millions of people to suffer from hunger, malaria and somewhat 
paradoxically both flooding and water shortages. 

According to the scenario, the emission target set for 2035 will have already been 
reached by 2017 and therefore if no action is taken to substantially cut emissions, 
the increase in the global average temperature will rise beyond 3.5°C. As such, 
the entire energy sector would need to become zero-carbon post 2017, a highly 
inconceivable likelihood. And, as the IEA recapitulates: “Delaying action is a false 
economy: for every $1 of investment avoided in the power sector before 2020 an 
additional $4.3 would need to be spent after 2020 to compensate for the increased 
emissions”. 

The other two scenarios are the Current Policies Scenario and the central one, 
the New Policies Scenario, built on those measures governments have already taken. 

According to the New Policy Scenario the global population is expected to reach 
close to 8.7 billion by 2035. India and Africa particularly are expected to experience 
a steep growth both in GDP and energy demand. In short, IEA (2011b) states that 
“Non-OECD countries account for 90% of population growth, 70% of the increase 
in economic output and 90% of energy demand growth over the period from 2010 
to 2035”. On the contrary, demand originating from OECD countries is expected 
to essentially remain flat as a consequence of improvements in energy efficiency. By 
2035, China on the back of growing prosperity, is expected to become the largest 


7This increase is a result of ice melt plus the thermal expansion of oceans and could lead to an 
average global rise of up to 7 m (Warren, 2011). 

8 Where it was announced that energy demand grew (5%), as did global energy intensity despite 
the world economic crisis. 
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energy consumer, using 70% more energy than the United States, although their 
per-capita energy consumption will be half that of the U.S. 

Concerning oil and natural gas supply, the IEA accepts that the era of cheap 
oil is finished. It states that there will be a plateau of 68 million barrels per day of 
conventional oil supply until 2035 upon which it is expected to decline®. Thus, under 
the New Policies Scenario, the demand will need to be covered by a considerable 
addition of 47 mb/day which effectively doubles the current production of all the 
Middle East OPEC countries. Middle East production is expected to come from 
natural gas liquids (18 mb/day in 2035) and unconventional sources (10 mb/day). 
Biofuels could cover as much as 4mb/day and the rest of the supply will need to 
come from Iraq, Saudi Arabia, Kazakhstan and Canada. 

Conventional oil will remain the largest supplier of global transportation. A1- 
ternative fuels, like biofuels, LNG and electricity for hybrid and electric cars, will 
account only for a 10% share. This will make transport highly sensitive to substan- 
tial increases in oil prices. The demand for private vehicles will increase by 100%, 
leading to further energy consumption despite improvements in energy efficiency. 
Global energy demand for transportation, including commercial, may thus increase 
by 40% on the 2010 baseline figure. 

Furthermore according to the ExxonMobil forecast (ExxonMobil, 2012), which 
largely coincides with that of the IEA World Energy Outlook (IEA, 2011b), the 
majority of the increases in industrial energy demand will come from the manufac- 
turing and chemical sectors. Demand for steel, iron and cement, for instance, will 
double. Non-OECD countries are expected to lead the global industrial demand for 
energy, a figure that is forecasted to rise by about 30% by 2040. Increased efficiency 
meanwhile is expected to flatten the industrial energy demand without effecting 
productivity. 

Electricity generation is to remain the fastest growing energy sector. Presently, 
coal is the greatest contributor. Efficiency within the coal sector, due to thermoelec- 
tric generation, will improve thanks to new supercritical and integrated gasification 
combined cycles incorporating carbon capture and storage technologies. Natural 
gas, either from conventional wells or from shale gas using hydraulic fracture, is 
likely to be used more than coal to generate electricity in the future. It is expected 
however that apart from the switch to gas, generators will gradually move to low 
carbon sources such as renewables and nuclear energy. 

Nuclear as a consequence of the Fukushima accident in 2011, is to have an 
uncertain share. A smaller contribution (considered under the IEA Low Nuclear 
Case, where it accounts for closures and slowdowns) will open up further possibilities 
for combinations of renewables and fossil fuels. Currently such a scenario weakens 
security of supply whilst simultaneously intensifying costs and boosting emissions. 
Failure to engage in nuclear electricity, despite its safety (and arguably political) 


°Tn contrast, other estimates suggest a peak in around 2014 (+2 years) at less than 90 mb/day 
(Varela, 2007; Aleklett and Campbell, 2003). 
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weaknesses could make it difficult for emerging economies to satisfy their accelerated 
growth in energy demand. 

Non-hydro renewables, particularly wind power, are expected to cover 15% of the 
electricity demand in 2035. Such renewables will, according to the IEA, continue to 
be subsidised especially in remote areas where additional and important investments 
need to be made in transmission lines. Hydropower will increase but its overall 
contribution, due to the expansion of the electricity sector, will remain at around 
15%. 


1.4 Materials demand for the new Green Economy 


The authors believe strongly that the world needs more sustainable energy than 
the mere 7 to 15% that many forecasts are predicting for the next generation. 
Renewable energies could and should help plug the gap but cannot and should not 
be considered at least in the short term as the complete solution. This is because 
it is not a matter of just deploying more of them. To that effect, Heinberg (2009) 
defines four conditions for a primary energy source to be competitive in the future: 


e It should provide a substantial quantity of energy and its contribution to coun- 
tries should not be marginal. 

e The energy provided should be at least ten times greater than the required 
energy to place it in the market from the cradle. 

e It should be acceptable from a social, geopolitical and environmental point of 
view, including the effects on climate. 

e It should be renewable. 


Garcia-Olivares et al. (2012) add a fifth point: 


e Energy exploitation and use (including renewables) should not depend on scarce 
materials. 


It is in fact this last point which is the most forgotten issue in practically all 
discourses in favour of renewable energies. As apart from the need for further 
research and development, renewable energy infrastructure is less densely packed 
than fossil fuels and thus requires a much larger quantity of land and critical raw 
materials for successful deployment. That land has to come from somewhere and 
somebody somewhere needs to be willing to sacrifice it. Sacrifice doesn’t come 
easy and sparks local “environmental” pressure groups, which although aware and 
supportive of the need for energy alternatives, are not prepared to see them in their 
backyard. At the same time, more materials mean more extraction and subsequently 
more energy consumption and a greater impact on the environment. And it is this 
greater impact, particularly in terms of materials availability (due to geological or 
socio-economic reasons) that has not been sufficiently covered in the algorithms of 
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computer models!” and subsequently has not been adequately written into global 
policies and protocols. 

An example worth highlighting is that of the United Nations Environment Pro- 
gramme (UNEP!!), which proposes the paradigm of the Green Economy defined 
as one that results in “improved human well-being and social equity, while signifi- 
cantly reducing environmental risks and ecological scarcities”. In its simplest form, 
a Green Economy is low-carbon, resource efficient and socially inclusive. Growth in 
income and employment are driven by public and private investments that reduce 
carbon emissions and pollution, enhance energy and resource efficiency, and prevent 
the loss of biodiversity and ecosystem services (UNEP, 2011). 

Yet the new Green Economy does not only require clean energy technologies 
but a network infrastructure comprised of food, water, transport and communica- 
tion technologies (OECD, 2011). Such global networks depend on the availability 
of strategic materials which are at risk due to uneven global distribution, supply 
disruptions, and/or lack of substitutes. 

To demonstrate the challenges of bringing the Green Economy into fruition, the 
authors have selected a set of examples including 1) three of the critical renew- 
able technologies set to power the green economy: bioenergy, solar photovoltaics 
and wind; 2) mobile phones and ICTs, the basis of green investment and a green 
economy; 3) electric and hybrid vehicles, a solution to green transportation; and 4) 
new lighting technologies, which should contribute to increased energy efficiency. In 
the following section the fist category is described. In addition, Appendix A shows 
an in-depth description of the critical materials used in ICTs, vehicles and efficient 
lighting. 


1.4.1 Bioenergy 


In regard to clean energy technologies, biofuels!? should constitute a promising 
source of primary energy. According to the Technology Roadmap. Bioenergy for 
Heat and Power (TEA, 2012) bioenergy will increase from around 10% of the world’s 
primary energy to 24% by 2050. Thus inevitably increasing the amount of land sac- 
rificed to its production. These large plantations, often located in some of the 
world’s most delicate and biodiverse ecosystems on the planet, replaces (and dis- 
places) endemic species with intensive monocultures requiring insatiable volumes of 
nitrogen, phosphorus and potassium fertilisers. 

The problem of fertiliser stems from the fact that whilst potassium chloride can 
be found in abundance and nitrates industrially obtained through the Haber-Bosch 


10For instance by those of international organisations and multinational energy companies, such 
as the International Energy Agency, World Energy Council, Inter-governmental Panel for Climate 
Change, BP, and ExxonMobil. 

11Jn fact, UNEP, through the International Resource Panel opens the discussion about the issue 
of metal scarcity, as will be seen later. 

12Biofuels are obtained from high energy content organic material which could be in the form of 
organic waste or even planted specifically as an “energy harvest”. 
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synthesis from the nitrogen contained in air, phosphate rock on the other hand is 
scarce (82% of the phosphorus is used as fertiliser of which only one-fifth is taken up 
by crops). According to Wellmer (2008) at the current rate of consumption based 
on proven reserves, the peak production of phosphate rock is expected at some point 
between 2030 and 2040. To that effect, Cordell et al. (2009) presented a sustainable 
scenario for long-term phosphorus supply and demand as shown in Fig. 1.3. It in- 
dicates that the global supply of phosphates will not meet future demand without 
drastic changes within the recycling sector, in the application of fertiliser, improve- 
ments in food chain production and alterations to the Western diet. This places 
phosphate rock as one of the most critical elements for development, either as a 
bioenergy or as an essential element in the food chain!®. No doubt future gen- 
erations will pay the highest price because whereas substitutes for depleted fossil 
fuels exist, plants and other biota require phosphorus to live with no possibility of 
replacing it with an alternative. In other words, the amount of biomass that can 
be produced is absolutely limited by the phosphorous resources of the planet and 


mankind’s capacity to recycle it~*. Any solution will almost certainly sharply raise 


future food prices and bioenergy costs. 
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Fig. 1.3 A sustainable scenario for the long-term phosphorus supply and demand. Redrawn from 
Cordell et al. (2009) with permission from IWA Publishing 


13In the sense that phosphorous forms the bone structures composed of carbonated hydroxyapatite 
(Cai0(PO4)6(OH)2). 
14For more information, see also http: //www.phosphorusfutures.net. 
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1.4.2 Solar photovoltaics 


The IEA in its roadmap to 2050, foresees that solar PV could supply 11% of the 
global electricity production (4,500 TWh/year) which would correspond to an in- 
stalled capacity of 3,000 GW, helping to prevent some 2.3 Gt C'O2 per year enter 
the atmosphere (IEA, 2010b). As of 2012, PV technology provides 0.1% of the 
world’s electricity. This low value, given the energy contained in solar radiation, is 
a consequence of the high unit price per kWh. It is however expected to reach grid 
parity z.e. where the final user cost becomes equivalent to the electricity purchased 
from the utility company, at some point between 2015 and 2020 (see Fig. 1.4). 
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Fig. 1.4 Prices and efficiencies of photovoltaic cells. 


The high price shown in Fig. 1.4 stems from the hardware used in the sector. 
Commercial modules of crystalline silicon photovoltaic wafers, which account for 
85-90% of the global market, remain expensive despite the drop in the price of 
silicon from €450 a kilogram of silicon in 2008 to €20 in 2011). 


15 According to ASIF: Spanish photovoltaic industry association. See also 
http : //autoconsumoener getico.wordpress.com/2011/12/. Accessed Aug. 2012. 
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Recent developments in thin film solar cells have also led to price drops with 
reported production costs as low as $1 Wpeak, although to be competitive on a large 
scale costs need to be half that at below $0.5 Wpeak. Dye-sensitised solar (DSC) 
cells!®, with its record efficiency, promising stability data and energy efficiency is 
one technology expected to break this price barrier (McEvoy et al., 2011). 

The problem with such cells is that they are made of scarce materials. So whilst 
cadmium telluride, (CdTe), copper/indium diselenide (CulInSe2), gallium/copper 
diselenide (CuGaSez), and gallium/copper/indium diselenide (CIGS) may offer 
the best prospects in terms of cell efficiency, one needs to recognise that tellurium, 
indium and gallium elements are all very rare in the Earth’s crust. Some 273 
tonnes of primary global gallium were produced in 2011 with China, Germany, 
Kazakhstan and Ukraine the leading producers (USGS, 2012). According to the 
Fraunhofer Institut, gallium global demand is expected to increase 22-fold by 2030. 
Indium, currently obtained as a byproduct of zinc refining (about 2.8 tonnes of In 
is contained in 100 tons of Zn metal (DOE, 2011; Hand et al., 2012)) has a global 
production of 1,300 t/yr (DOE, 2011). This figure is expected to grow 8.2 times 
(Tercero-Espinoza et al., 2011). The quantity of In required in the production of 
1 GW of PV from CIGS type is 25-50 mega tonnes. Tellurium, meanwhile, is a 
byproduct found in the slimes of electrolytic copper refining (2.5 kg of tellurium per 
500 tonne of Cu ore processed). Current CdTe cells need 7-10 grams of tellurium 
per m? of solar panel, which corresponds to 60-90 tonnes of Te/GW (Zweibel, 2010; 
DOE, 2012). 

Thus even if significant quantities of such elements are expected to be obtained 
in the slimes of electrolytic copper and zinc refining, it will remain difficult to 
sustain their demand at affordable prices into the long term. Understandably, if 
photovoltaic technology is going to become more competitive, it will need to be 
based on the more abundant elements, such as silicon and iron sulphide (pyrite). 
Otherwise, more research and development will need to be applied to applications 


involving dye-sensitised PV cells and PV quantum dot nanostructures!”. 


1.4.3. Wind energy 


With the global trend of power increases of individual wind turbines to up to 10 
MW, there becomes a need for a drastic reduction in the size of the generator. 
Moreover, the lower speed of blade rotation that comes with the larger turbines, 
means that they can take fuller advantage of the wind and gearing. It also means 
that there are fewer steps between the functioning of the blades and the generator. 
Therefore direct-drive turbines linked to low speed generators have a reduced volume 


16The DSC is a type of photo-electrochemical cell and is made up of a light absorbing dye and a 
metal oxide semiconductor. 

17Semiconductor nanostructures, where at least one dimension is small enough to produce quan- 
tum confinement effects, provide new pathways for controlling energy flow and therefore have the 
potential to increase the efficiency of the primary photoconversion step (Semonin et al., 2012). 
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coupled with lower maintenance costs with respect to conventional electromagnet 
generators. 

Such turbines are constructed using designs with permanents magnets since 
the generator requires no excitation power for the generation of an electric field. 
Permanent magnets, PM, are the strongest known magnets and are composed of 
neodymium-iron-boron with dysprosium, or other rare earths (REE) like praseo- 
dymium (RE2Fei4B as basic formula). The approximate content by weight in 
Nd is 27.5-31% and 2-4% in Dy. Dysprosium is added to avoid de-magnetisation 
stress in generators at temperatures higher than 80°C (DOE, 2011). It is estimated 
that direct-drive turbines require up to 600 kg of PM/MW (Constantinides, 2011). 
A 5 MW wind turbine contains about two tonnes of permanent magnet!®. Such 
quantities dramatically increase the demand for rare earths. 

Rare earths present a particularly challenging set of problems. The USGS re- 
ports that the world’s rare earth oxides reserves could be as large as 110 million 
tonnes but many of them are in deep ocean sediments with doubtful exploitation 
feasibility (USGS, 2011b). Found in monazite and bastnaesite minerals, the world’s 
largest continental reserves are predominately located in China (50%), followed by 
the former states of the Soviet Republic (17%) and the United States (12%). 

Particularly, neodymium although not as rare in Nature as it might seem, is 
widely dispersed, making its extraction very expensive and polluting. Natural con- 
centrations are maintained in a range from ten to a few hundred parts per million 
by weight. Dysprosium is even rarer since it constitutes less than 1% of all rare 
earths and its occurrence is commonly accompanied by radioactive thorium or ura- 
nium thus complicating its production. China (Longnan, Jiangxi province) is the 
only country that has dysprosium compounds containing no radioactive minerals 
(lateritic ion-adsorption clays) but with an expected 15-25 year commercial lifespan, 
this possibility is not one for the long term (Constantinides, 2011). It is certainly 
much shorter than the static index of depletion of REE generally (700 years), as 
will be seen later in Chap. 13. 

According to Alonso et al. (2012), just under 80% of all the electric and hybrid 
vehicles plus all the wind energy needed to meet the IEA’s 450 ppm target by 2035, 
would lead to a more than 700% and 2600% respective increase in demand for Nd 
and Dy, compared to 2010 baseline levels. According to Constantinides (2011), the 
production of rare earth permanent magnets will increase from 56,640 tonnes in 2010 
to 90,258 in 2015, while the dysprosium available in the market will not change at 
1,277 tonnes. This means a shortfall of 40,788 tonnes that could affect the worldwide 
wind energy expansion unless the situation alters. To oppose this trend, research is 
being undertaken to obtain other designs including new hybrid machines that could 
reduce the need for rare earths by up to a third, or superconducting generator 
direct-drive turbines that would not use rare earths at all (see for example AMSC 
(2011)). In addition the use of samarium-cobalt magnets instead of dysprosium 


18 Alonso et al. (2012) assume 171 kg of REE per MW turbine. 
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doped Nd — Fe — B magnets are recommended as a palliative substitution, since 
samarium is cheaper and does not lose its magnetism at high temperatures. 

Beyond the case of rare earths, it is worth analysing the more familiar case of 
copper which is considerably scarcer than REE. Its reserves to production ratio 
is only 35 years as will be seen later in Chap. 13. Therefore it makes sense to 
comprehensively evaluate the impact of copper on wind energy technologies because 
in fact, electric grids and motors use, in general, large amounts of copper for their 
transmissions and windings. Garcfa-Olivares et al. (2012), estimate some 2.7 tonnes 
of Cu per MW installed in a conventional wind farm are required. In an offshore 
wind farm, these values soar and depending on the length of the transmission line 
to the coast can reach anything as high as between 8 to 15 t/MW. 

Furthermore, it is estimated that for an overall renewable electricity solution 
of 11.5 TW by 2030 (broken down into 51% wind power, 40% concentrated solar 
power and 9% hydroelectricity) the amount of copper required for both the motors 
and the transmission lines would be in the order of 221 Mt. (Garcia-Olivares et al., 
2012)!°. Considering that the world’s current economically exploitable reserves are 
550 million tonnes, this effectively means that 40% of these reserves (i.e. the equi- 
valent of 14 years of global production) would be used solely in the renewable sector. 
If one were then to add the copper demand corresponding to the electrification of 
the transport sector, nearly 60-70% of all world reserves would be used. This strong 
demand may then mean that C'u prices reach values similar to that of the precious 
metals such as silver??. 


1.5 The shortage of strategic elements. An international problem 


The criticality of some of the minerals mentioned above has been recently underlined 
by different international organisations as a grave concern. A key report is the 2010 
Critical Raw materials for the EU (EC, 2010) which defines a raw material as 
critical when the risk of supply shortage and its economic importance for the EU 
is considerably higher than that for other raw materials. EU supply risks are often 
linked to the fact that world production for key elements is concentrated in only 
a few countries”! and that such elements either have poor or low substitutability 
and recycling rate. In that report, two types of supply risks are considered, those 
relating to the political-economic stability of the producing countries and those 
correlating to a country’s weak environmental performances that could indirectly 
endanger the supply of materials. In total a group of 41 raw minerals and metals 
were analysed (Fig. 1.5). 


19Note that the current values of renewable electricity are 2 TW from a total 12.5 TW (2010 
figure). 

20 A viable alternative is the use of aluminum power lines. In this case, only 1.4 years of the world 
aluminum production would cover all necessary transmission infrastructures (Garcfa-Olivares et al., 
2012). 

21China (Sb, fluorspar, Ga, Ge, graphite, In, Mg, REE and W), Russia (PGMs), Democratic 
Republic of Congo (Co and Ti) and Brazil (Nb and Ta). 
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Fig. 1.5 Critical raw materials for the EU (2010) as a function of the risk of supply shortage and 
its economic importance for the EU. The 14 critical materials appear in the upper right quadrant. 
Redrawn from EC (2010) 


Following this report, the EU Joint Research Center (JRC) further analysed 
which critical materials could threaten the objectives of the EU’s Strategic Energy 
Technology Plan?* (SET Plan) (Moss et al., 2012). 

Accordingly, the JRC studied 60 metals needed for the deployment of low carbon 
technologies as required in the SET-Plan. Some 14 metals whose demand between 
2020 and 2030 would imply more than 1% of the 2010 annual world production 
rate were identified?* (see Fig. 1.6). The study also analysed the potential risk of a 
supply shortage of the 14 metals deemed critical as shown in Fig. 1.5. It was found 
that tellurium, indium, tin, hafnium, silver, dysprosium, gallium and neodymium 
have high risks of bottleneck supply (with a demand of ~4% or more of the 2010 
annual world production rate). 

The US Department of Energy, meanwhile, in its “Critical Materials Strategy” 
report (DOE, 2011) also undertook a criticality analysis for clean energy supply 
in the short (2015) to medium term (2025). The clean technologies studied were 


?2The SET plan aims to make low-carbon technologies affordable and competitive through a 
set of European Industrial Initiatives with specific targets by 2020-2030 in the deployment of 
new emerging energy technologies. The plan includes industrial initiatives in bioenergy; CO2 
capture, transport and storage; smart grids; fuel cells and hydrogen; sustainable nuclear; energy 
efficiency and smart cities; solar and wind farms. http : //ec.ewropa.eu/energy/technology/ 
set_plan/set_plan_en.htm, Accessed Aug. 2012. 

23This study strictly adheres to the direct SET-Plan Industrial Initiatives which do not include 
demand for batteries in electric or hybrid vehicles, nor energy saving in lighting, or any other 
indirect effects like increases in demand for ICT or for fertilisers in bioenergy. 


The Depletion of Non-Renewable Abiotic Resources 17 


Te: 50.4% 


In: 19.4% 


10% 


9% 


8% 


7% 


6% 


5% 


4% 


3% 


2% 


1% 


0% — 
= 


Fig. 1.6 Metals Requirement of the SET-Plan as percentage of 2010 World Supply. Redrawn 
from Moss et al. (2012) 


wind, photovoltaics, hybrid and electric vehicles and energy saving from lighting, as 
explained in Sec. 1.4 and Appendix A. All potentially affect the demand of perma- 
nent magnets, thin films, batteries and phosphors. Consequently the report focuses 
on the demand of neodymium and dysprosium for permanent magnets; tellurium, 
indium and gallium for PV thin films; cobalt, nickel, manganese, lanthanum and 
cerium for NiMH batteries; lithium carbonate for Li-ion batteries and yttrium, ter- 
bium and europium for phosphors. 

A summary of the criticality analysis results is depicted in Fig. 1.7 and Fig. 1.8. 
Materials in the upper right quadrant are characterised as critical if red in colour, 
intermediate near-critical if in yellow and not critical should they be coloured green. 

The most critical metals are therefore Dy, Eu, Y and Tb, both in the short and 
medium term. The case of dysprosium is the most critical because new projected 
mines supply will not cover demand. The demand of indium not associated with 
clean energy technologies meanwhile is so high that it is forecasted to increase by 
about 25% between 2015 and 2025. So even if PV CIGS thin films only make up 
an expected 10% of the total demand of In in 2025, there may still be important 
shortages should production not be expanded post 2015. As the demand of gallium 
is coupled with indium in CIGS thin films‘, the required supply could nearly double 
that of 2010 levels. Similarly, tellurium is expected to experience a 50% increase in 


24Ga for clean energy technologies will contribute to 38% of total gallium demand in 2025. 
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demand from 2015 to 2025 under a scenario of high global deployment and market 
share, with a low material intensity of CdTe thin films. Additionally, the overall 
world increase of rare earth production is forecasted from 120,000 t/yr in 2010 to 
200,000 t/yr in 2025, with Nd increasing from 20,000 to 33,000 tonnes, Dy from 
1,600 to 1,700 tonnes, Y from 10,500 to 11,300 tonnes, Eu from 370 to 550 tonnes, 
Tb from 320 to 370 tonnes, Sm from 2,800 to 4,000 tonnes and Gd from 2,400 to 
3,000 tonnes. 

Moreover, the availability of metals composing the necessary NiMH batteries 
in solar installations, such as cobalt, nickel, manganese, lanthanum and cerium de- 
pends on demand. Thus whilst nickel and cobalt appear to be in adequate supply 
into the short and medium term, the supply of manganese will need to increase 
by about 500,000 t/yr. Lanthanum and cerium demand meanwhile may exceed 
the estimated 2015 supply. Whilst lithium should be more in demand when elec- 
tric vehicles (EV) and plug-in hybrid electric vehicle (PHEV) play an increasingly 
important role in the private vehicle market. 

Apart from these elements and despite the lack of quantitative supply-demand 
analyses, the DOE report (DOE, 2011) warns about the issues associated with 
gadolinium, magnesium and vanadium. Gadolinium is used in lightweight alloys, 
medical, nuclear and electronic applications and is expected to play a key role in 
magnetic refrigeration and solid oxide fuel cells as a doping agent of ceria, among 
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Fig. 1.8 Medium-term criticality matrix (DOE, 2011) 


other new applications. The 2010 supply was 1,400 tonnes. Magnesium demand 
meanwhile could increase the trend of vehicle lightweighting (Sec. A.2) albeit that 
plastic and new lightweight materials like carbon fibre can also be used as an alter- 
native. Finally high grade vanadium is used in the electrolyte of vanadium redox 
batteries and could provide a good solution for grid storage applications. In fact, 
the weight of the battery cost is due to the need of high purity vanadium. 

With similar concerns, the American Physical Society and the Materials Re- 
search Society, presented their joint 2010 report on “Energy Critical Elements” and 
discussed the need to develop new advanced energy technologies (Jaffe et al., 2012). 
To the above identified critical raw materials, the report adds platinum as a catalyst 
for hydrogen fuel cells, PGMs and cerium as catalytic converters, rhenium as an 
essential element for special alloys in turbine technology, and helium-4 for its use 
in cryogenics, welding, nuclear coolant and many other applications. 

Similarly, an additional investigation published by Pickard (2008) showed that in 
a scenario of conventional use, the availability of ruthenium, rhodium, palladium, 
tellurium, rhenium, osmium, iridium, platinum, gold and especially phosphorous 
is questionable in the near future, while the supply of helium, chromium, nickel, 
copper, zinc, molybdenum, silver, cadmium, tin, antimony, tungsten, mercury, lead 
and bismuth will be problematic. Many rare precious metals will have a strong 
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industrial demand for both electrical/electronic systems as well as for catalysts and 
it is possible that their use in jewellery will subsequently decline. 


1.6 The implications of mineral scarcity 


All studies and reports mentioned in the previous section converge on the same 
ideas: monopolistic and underdeveloped markets, rapid growth in demand, an in- 
ability to outpace demand, supply shortages generally and price fluctuation. Also 
political and international relations tensions, regulatory barriers, uneven geologi- 
cal distribution and scarce resource endowment, lack of new mining investments, 
unsustainable mining practices and urgent research needs. 

For several decades ahead the world will continue to struggle with short-term 
scarcities. On occasions, somewhat quite dramatic ones since they can occur sud- 
denly in a myriad of forms: from war to natural catastrophes and accidents, in 
addition to social, political and problems resulting from a lack of investment. Re- 
gardless of the cause, resource depletion will be definitive. As S6derholm and Tilton 
(2012) state “Material scarcity driven by resource depletion would occur slowly over 
decades, perhaps centuries. Once in place, it would likely persist for a long time 
and perhaps become permanent. As a result, it poses a serious potential threat to 
modern civilisation”. 

In fact, depletion of mineral resources is only seen as a problem once it becomes 
blindingly obvious that the availability of raw materials really is a cause for concern, 
by which time this realisation comes too late - rather like the unsinkable Titanic 
and her iceberg. Apart from the tragedy of failing to turn quick enough to avoid 
sea ice, humanity has also seen biological catastrophes caused by its own actions. 
Many species are now consigned to museum displays, glass jars, paintings, sketches 
and catalogues. Many more are examples of preservation, rather than conservation, 
in zoos. Exploitation of priceless species for Man’s whimsical fancies led to the 
removal of animals and plants from the face of the Earth forever. There is no 
reason to think that our generation will care any better for mineral resources, for a 
future generation’s yet to be discovered use - even should it be certain that they do 
have an end. It is thus a critical matter for the future sustainability of the planet 
and life as we live it in the Western world. 

Yet as long as the resource problem is not perceived as such, little is done. 
Scarcity and depletion is not seen as a permanent issue, only a small problem, 
temporary in nature and influenced by politics, economics or the current state of 
technology. As is seen throughout this book, today’s value of a given mineral is more 
closely associated with its market price than any objective consideration towards its 
physical scarcity. And, market prices are more sensitive to short or medium term 
supply issues than anything relating to long term unavailability, due to exhaustion. 
In any case, there are varying classifications of scarcity which influence the planet 
and its life forms in different ways. In the case of phosphorous, it is a case of 
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absolute scarcity with its quantity quite simply determining the maximum amount 
of genetic material that can be produced. It is thus essential to the entire wellbeing 
of the planet. For others, the limitation is not true scarcity but relates rather 
to insufficient technological development for the extraction of the element - as is 
the case for rhodium. Scarcity may also relate to geopolitical circumstances, as 
occurs with the platinum group. It can be a question of economics, where perhaps 
copper provides the best example. Some scarcities may relate to health and the 
environment as is the case for lead, cadmium or mercury (Scholz and Lang, 2007). 

Furthermore, those that recognise the problem of long term scarcity, are told 
not to be concerned until 2028-2100, especially as the extreme planetary limits have 
yet to be explored. Why worry when we still have the poles, the deepest oceans, the 
vast deserts or rainforests? Surely, they harbour enormous quantities of minerals for 
the future generations. But the truth is reluctant to accommodate this optimism. 
Empirically speaking, each and every time it becomes increasingly unlikely that new 
mineral deposits will be found in sufficient quantities as to favour their commercial 
extraction. In simple terms, the energy required to extract mineral ores from a 
mine will grow continuously, as will the contamination, whilst the quantity and 
quality of the mineral becomes gradually less and less. So, if today’s value for 
mineral extraction corresponds to 8-10% of energy worldwide, it will do nothing 
more than multiply into the future, with or without advanced recycling techniques 
and technologies as will be seen in Chap. 14. 

This is one of the many examples where society clings to the underlying view 
that technology will always prevail, allowing Man to dig deeper, faster and more 
devastatingly than ever before. But this over-reliance on technology, the capacity 
to recycle, miniaturisation and nanotechnologies is arguably little more than blind 
faith. 


1.7 Thanatia: the destiny of mineral resources? 


Whilst many continue to deny the existence of scarcity and the need for it to be 
tackled in the name of money making and opportunity costs, a growing contingent 
are awakening to the fact that exhaustion is a physical fact relating to reserves, not 
hypothetical resources. 

So if the growing alarm calls are to be taken seriously, one must begin to provide 
an annual account of the production of raw materials: from the extraction until the 
product and from the product until the “urban mine” and later until its dispersion. 
At the moment, this is not possible as there is no global accounting book or even 
procedure with which to identify the degree of extraction, or the detrimental en- 
vironmental effects caused as a result. Neither is there a record stating how each 
and every metal processed out of a mine is assembled, integrated, diluted and/or 
alloyed. Or where that product finally ends up either dispersed by oxidisation or as 
a consequence of its use and disposal. 

Such a record could be established thorough the Life Cycle Assessment (LCA), 
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which is a well-known methodology for the identification of the “material rucksack” 
and environmental impacts associated from the beginning to the end of a certain 
product or service. In the authors’ opinion, this approach can be extended to the 
whole planet, so as to analyse the loss of mineral wealth on Earth caused by human 
action. 

Accordingly, in the challenge of accomplishing global resource accounting, the 
authors of this book propose a methodology based on the Second Law of Thermo- 
dynamics. This is because through such law, one can explain in a physical way any 
degradation process. The final aim is the thermodynamic assessment of the deple- 
tion of raw materials on Earth via an analysis of their whole life cycle: from the 
cradle to the grave and then back again to the cradle (cradle-grave-cradle analysis). 

This cyclic process occurs in natural systems whereby the ecosphere functions 
with the sun being provided with enough time to sufficiently close its natural cycles. 
That said, the sun has little or no influence on the mineral endowment of the 
Earth and once in the technosphere, minerals eventually become dispersed and 
unavailable. Mineral cycles are very complex with Man extending or shortening 
their life by virtue of “his” own will. These cycles commence at what the authors 
term the beginning of life (BoL). At this point, minerals in natural deposits, 7.e. 
“stock in Nature” are transformed into “stock in industry” on becoming mined and 
beneficiated. Subsequently, after the corresponding fabrication and manufacturing 
of products, they form part of the “stock in use”. At the end of life (HoL), that 
is to say, when society no longer uses the product, its constituting materials are 
thrown away to landfill (or in an ideal case they become recycled). Landfilling 
creates an eventual dispersion and once dispersed, minerals cannot be practically 
recovered anymore. Thus, rather than a perfect cycle, the life of materials can be 
metaphorically represented through the spiral tree as shown on the cover of this 
book (see Sec. 17.4). The spirals start when the mineral is mined and represent 
all subsequent phases through which a certain material undergoes: fabrication, 
manufacture, use, end-of-life, landfill and dissipation. Humanity extracts minerals 
without considering the latter, something which could be looked at should one take 
the time and effort to properly analyse the cost to recover them either now or into 
the future. Knowing or at least having an idea as to the order of magnitude of what 
it costs to close material cycles, i.e. returning minerals back to their original state 
in their mines, helps to bring understanding in terms of the extent of the problem 
and the necessity of managing resources more carefully. 

In a planetary cradle-grave-cradle analysis, two important questions form: what 
should be the cradle and what should be the grave? Focusing on the BoL of a given 
mineral, there is arguably little debate as to what constitutes the cradle: obviously 
the natural deposits that once contained it. That is to say, the specific mine(s) 
from which it is extracted. Extending this to all those commodities currently used 
by Man, the cradle can be logically assumed to be the current Earth, with all its 
natural concentrated mineral deposits. 
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The grave needs however further discussion. When analysing FoL of a given 
material, the grave is usually taken as the landfill it arrives at. Drawing a parallel, 
one can state that at planetary level, the grave could be an ultimate landfill where 
all resources eventually end up and are irreversibly dispersed - the commercially 
dead planet, towards which human civilisation is moving. 

If one accepts this planetary grave as a hypothesis, the need for the development 
of a model capable of adequately depicting the commercial end of the planet arises. 
The authors coined this planet Thanatia (Valero et al., 2011; Valero D. et al., 2011) 
and represented it through the Crepuscular Earth Model?°. The latter has an 
atmosphere, hydrosphere and continental crust (see Chap. 10). Nevertheless, as 
opposed to that of the current Earth, the crepuscular crust contains no mineral 
deposits with all non-fuel minerals having been extracted and dispersed and all 
fossil fuels having been burnt. As a consequence, the C'O2 concentration of the 
crepuscular atmosphere is much higher than it is at present. Similarly, all water 
available in the hydrosphere, except for a tiny 2.5% due to the hydrological cycle 
as it is now, is saline due to all freshwater and saltwater having mixed. 

Upon defining the model of Thanatia, it becomes easy to evaluate the replace- 
ment cost of minerals through a “grave-to-cradle” approach (see Chap. 4). Such 
cost can be assessed as the useful energy (exergy) required to restore minerals from 
the grave to the cradle, z.e. from Thanatia to the original mines. 

It should be stated that there is as of yet no consensus regarding what fini- 
tude means with many even failing to acknowledge and/or admit that there could 
be a “commercial end”. It is thus unlikely that the need to determine a degraded 
Earth will be easily accepted. However the sense of having a not-so-far expiry date 
gives maturity to humankind and supports improved management of those remain- 
ing resources. Moreover, the thermodynamic assessment of the mineral endowment 
with Thanatia as reference allows for the physical quantification of the depletion 
of resources. Depletion and finiteness can no longer be a “yes-or-no idea” but a 
“plus-or-minus” concept. Furthermore, everything is evaluated using a single yard- 
stick, (measured in kWh) exergy, thereby unifying dispersed data, allowing for a 
unified vision of the global mineral wealth and facilitating comparisons between 
commodities, countries, etc. 

It is now the hour for humanity to begin to adequately manage its non-renewable 
resources with intelligence and order, so that however finite they can be accounted 
for, as can their loss. Society must therefore begin to estimate quantitatively orders 
of magnitude whilst learning to truly appreciate them qualitatively so that con- 
structive dialogue or better said trialogue between energy, environment and mineral 
issues can begin and agreements signed for the creation of a common sustainable 
global path. This is effectively the objective of the book. 


25The Crepuscular Earth Model was developed by Dr. Alicia Valero in her Ph.D. thesis with 
the help of the British Geological Survey and the department of petrology at the University of 
Zaragoza, Spain. 
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1.8 Summary of the chapter 


Demand for energy and non-fuel minerals has risen exponentially since the beginning 
of the 20th century and will continue to do so according to future consumption 
trends. Of all the minerals, it is fossil fuels, construction materials, salts and the 
metals iron, aluminium and copper which have been the most consumed throughout 
history. Furthermore by 2050, demand for other important metals including gold, 
silver, nickel, tin, zinc, lead or antimony will be greater than their current reserves. 

In addition, it has been seen that minerals, energy and environment are strongly 
linked. There can be no commercial energy production without minerals and vice 
versa. Moreover, their extraction and use imply serious environmental problems. 
Accordingly, the IEA developed the 450 Scenario, setting the prerequisites needed 
to limit the global average temperature rise, due to the greenhouse effect, to 2°C. 

But this reduction is not an easy challenge, especially as population continues to 
climb exponentially. Indeed and according to the IEA, in order to satisfy the energy 
demand for the near 9 billion of people expected in the middle of the 21st century, 
fossil fuels will still need to be used, even if due to their scarcity they will have to 
eventually be replaced by non-conventional sources. Electricity generation will also 
have to evolve to low carbon sources including natural gas, renewables (expected to 
cover 15% electricity demand in 2035) or even nuclear energy. 

To achieve sustainability in all areas and in doing so decelerate global warming, 
the UNEP proposes the paradigm of the Green Economy, which is said to reduce 
carbon emissions and pollution, enhance energy and resource efficiency and prevent 
the loss of biodiversity and ecosystem services. However there is an important issue 
that has not been adequately taken into account in global policies and protocols: 
the scarcity and depletion of raw-materials. 

This fact has been demonstrated in this chapter through a set of examples 
including the materials used in bioenergy, solar photovoltaics or wind, all of which 
require critical resources for their deployment. Some of which include phosphorous, 
gallium, indium or REE, as key ingredients of permanent magnets, thin films, 
batteries and phosphors. 

Fortunately, the criticality of minerals is starting to be addressed by different 
international organisations as a grave concern. The European Union has identified 
14 minerals that are currently at risk of supply - among them tellurium, indium, tin, 
hafnium, silver, dysprosium, gallium and neodymium the most critical ones. The 
US Department of Energy, meanwhile, identifies dysprosium, europium, yttrium 
and terbium as the most critical ones into the short and medium term. 

Yet depletion of non-renewable resources is still not considered as one of 
mankind’s major problems with issues like the conservation of wellbeing (access 
to energy, health, happiness and economic prosperity) heavily overshadowing any 
concerns related to mineral exhaustion. Given this limited consideration, for the 
most part the planet appears plentiful with any potential scarcity of resources simply 
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awaiting the future generation’s (somewhat guaranteed) solution. This is however 
an extremely presumptuous and dangerous viewpoint to defend as will be seen 
throughout this book, especially as resources are economically and environmentally 
bound by geological dispersion and composition. Technological innovation cannot 
replace conservation and emphasis on the former does not make up for the absence 
of the latter. 

Nevertheless, resource exhaustion is indeed something which is difficult to detect, 
given that it is the absence of data one has to look for, rather than a mistake 
in published data. Therefore, the first step in efficiently managing the mineral 
endowment on Earth is to account for it properly. This is in essence the objective 
of this book: to show how resources and their loss can be universally accounted 
for through Thermodynamics. This is done through a planetary cradle-grave-cradle 
approach, in which the cradle is represented through the current mineral deposits 
and the grave through a model of a resource-exhausted Earth, coined Thanatia. 

But before the intricacies of the methodology proposed are explained, it is impor- 
tant to examine other proposed approaches by economists, accountants and natural 
scientists in the undertaking of this complex but increasingly necessary endeavour. 
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Chapter 2 


Economic versus Thermodynamic 
Accounting 


2.1 Introduction 


Mining activities have accompanied the development of Man ever since the early 
stages of civilisation: to such an extent that its periods have been coined after 
the prominent resource that supported the era: Bronze, Iron, Coal, and Oil Ages. 
Apart from providing the name of a historic era, non-renewable resources have 
been in the past presented as gifts from Nature that could be withdrawn whenever 
they were needed. Moreover, as global mineral wealth is only weakly accounted 
there is a false perception that it is unlimited. This assumption then supports the 
unsustainability of mineral resources extraction which in fact, is only reduced if 
mining activities cause major degradation to the surrounding ecosystem or become 
uneconomic. When Nature was abundant, no side effects were properly consid- 
ered. However, the intense technological development of the 20th century forced 
society to recognise them. First, through the development of corrective measures 
that influence business proceedings, second through the growing consciousness by 
governments that there is a loss of wealth that will never be restored and third 
through increased scientific research efforts into the global environmental problem. 

This chapter undertakes a non-extensive review of what and how economists, 
accountants and physical scientists have contributed to assessing the depletion of 
mineral capital and its environmental impact. 


2.2 Natural capital concept 


The concept of capital is well understood by the general layman. In order to obtain 
and add to it, people use and consume materials and/or ecosystem services 1.e. 
they convert Nature into various monetary assets. Increased capital leads to the 
generation of welfare and wellbeing, two things that people naturally desire and 
want to increase. This longing for improvement and the practice of manipulating 
Nature to acquire better standards of living is, for the majority of adult individuals, 
normality. Yet it is this same sense of normality which leads to an overwhelming, 
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all-consuming demand which paves the way for a deeply exploited environment 
followed by a shared dissatisfaction towards its degradation and depletion. 

The environment and its functions then become, in economic thinking, an ana- 
logue to manmade capital. Yet and as with economic capital, natural capital pro- 
vides value for the services it offers. The latter tends to depreciate and requires con- 
servation measures to attain it, since natural replenishment is not typically enough 
to overcome its exploitation. 

The origins of natural or environmental capital as an idea stem from Pearce and 
Turner (1990) with ecological economists (see Sec. 2.4.4) developing it further into 
a concept, on the basis of maintaining Nature intact in the spirit of the Brundtland 
Commission Report (1987) definition of sustainable development: “development 
that meets the needs of the present without compromising the ability of future 
generations to meet their own needs”. Consequently, the environment is considered 
as a stock providing flows of income and as such, it is not something that Man 
should neglect and/or allow to diminish. The concept is further classified according 
to the services that the environment yields as a source of goods, subdivided into 
non-renewable and renewable resources and as a sink of wastes that need to be 
metabolised by the biosphere. Non-renewable (abiotic) resources capital pertains 
to a subset which includes all minerals either solid, liquid or sub-soil gases, fossil 
fuels and industrial rocks that could be of economic value either now or in the 
future. 

Hinterberger et al. (1997), mirroring physicist Boltzmann words in 1892 that 
“Knowledge itself is nothing but the finding of analogies”, state however that natural 
capital as a concept is closer to a metaphor than it is to an analogy: “Capital is a 
factor of production used by humans in order to extract useful goods from Nature. 
In other words, capital utilises Nature’s gifts, which are not in themselves capital”. 

Nevertheless, natural capital is a useful conceptual bridge that can help 
economists and thermodynamicists to understand each other. This is especially 
true in quasi-static geological systems as opposed to the more dynamic biological 
ones. The concept also helps to create an information system for measuring the evo- 
lution of human impact on the environment, especially in relation to the mineral 
capital on Earth. 

Yet consciousness of environmental damage and the search for equilibrium entails 
discussion, knowledge of Nature’s mechanisms, science, education and institutions 
to decide on and monitor a path to sustainability. This effectively leads to the con- 
struction of a new type of capital, social capital. According to Smith (2004), “Social 
capital describes the capacity of societies to generate trust, faith, tolerance, ingenu- 
ity and other human qualities that are essential for development”. It is composed of 
institutions and their quality and efficiency that support inclusive and democratic 
societies, social norms, a culture of cooperation and trust. 

A broadened view of sustainability simultaneously advocates the three capitals: 
economic, natural and social. However some authors like Pierantoni (2004) add 


Economic versus Thermodynamic Accounting 29 


human capital to the list, meaning knowledge, know how, health and security. In 
fact, the “holy grail” of an accountancy devoted to sustainable development would 
consist of having a systematic evaluation of all these capitals throughout time and 
universally extended across countries. 


2.3 Cost, price and value 


The rationale for this book lies ultimately in the development of a methodology (or 
a set of methodologies) capable of objectively and comprehensively assessing this 
planet’s mineral capital. The authors will therefore refer regularly to concepts such 
as cost and value and so it is important from the outset to explore what useful 
and objective tools Economics may be able to lend to the valuation of a natural 
resource. 

In the broadest sense of the word, value is a term laden with and by people’s 
perception, and can be perceived as a measure of how good or bad something is 
(or is thought to be). This meaning is deemed unsuitable in the true assessment 
of a certain “good” because of its dependency on complex and difficult to quantify 
aspects of human existence: physical, chemical, biological, geological, ecological, 
economic, social, political and religious. 

Science quantifies physical properties, whilst Economics quantifies monetary 
costs and prescribes prices. Both help to assess a natural resource, qualitatively 
and quantitatively and both interact with each other. From an economic point of 
view, the market value is a concept based on a complex web of human behaviour. It 
represents the threshold at which involved parties would willingly undergo in a given 
transaction (financial or otherwise.) Numbers typically dictate proceedings, in the 
sense that one is accustomed in such settings to hear the price [a given number] of 
an agreed currency, working hours or even livestock. Numerical values primarily 
serve as comparisons among different offerings of a product, service or intellectual 
property, etc. 

These concepts are alien to Nature and infringe on “her” right to partake in 
negotiations outside of mankind’s set of rules. Emotions and expectations of a 
product, service or even brand (not just rational thinking) complicates Man’s point 
of view even more. An example of such human based complexity can be found in the 
concept of price. The (sold) price is what someone actually paid for a property (in 
monetary units). It is formed in the exchange. This is sometimes but not always an 
indication of value. From classical economic theory, in a wide enough market with 
all forces interacting, a rather objective price should be achieved. Every market is 
more or less controlled and subdued by rules and interests which in turn condition 
prices. Even in a globalised system, market prices are always (to a varying extent) 
a function of product availability. If prices are subject to demand and could be 
manipulated in function of a marketing campaign for instance, objective figures are 
skewed and “true” monetary values difficult to ascertain. Nevertheless, it is often 
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assumed that prices attribute values, sway opinion and regulate human behaviour 
i.e. “an object’s or a service’s value is that which is paid for it”. This statement runs 
parallel with the usual ignorance of the physical context (for instance, the degree 
of scarcity of a certain natural resource). Despite this, prices such as those of raw 
materials and other commodities continue to be registered instantly on the global 
stock exchange with the aim of getting a would-be-precise state of world economy. 
Besides, the metric of price, money, fluctuates with market whims such as the “latest 
must have accessory”. This is why Physics struggles to use and manage this vast 
information to build a solid theory on resources scarcity and depletion. 

Finally, economists consider cost as the sacrifice of resources required to produce 
something else. The concept of average cost is consequently born as a pure account- 
ability technique. Hence, it can be objectified by adding all the resources that come 
into play. It originates from actual measurements such as the amount of resources 
entering the production process. If the resources entered are derived from another 
production process one can also assess their costs. This process can continue until 
the end of the chain, i.e. until the extraction from or disposal back into Nature. 
This is where humankind radically turns a blind eye to how many resources are 
needed to generate the natural goods that are taken freely without a second glance. 
Consequently, as people pay people and not Nature for virgin materials, cost and 
price are often and mistakenly used interchangeably when they are in fact not the 
same. 

There are thus at least two alternatives for the assessment of resources. The most 
frequently used assigns prices to resources through their production costs. As stated 
previously, prices depend on market variations and lack objectivity. An alternative 
way, as used in this book, is to assign a physical value to mineral resources. In any 
case, any assessment of objectivity with regards to production costs is dependent 
on the objectivity of the costs assigned to the consumed resources. Even though 
this concept of cost is closer to the reality of physical facts, in practical terms cost 
is calculated from a blend of physical and economic magnitudes. 

In what follows, a description of the economists’, accountants’ and natural sci- 
entists’ view concerning the assessment of natural capital is undertaken. 


2.4 The economists’ view 


Techno-optimism has deeply divided scholars and subsequent public policies con- 
cerning the management of natural capital. Tilton (1996) identified two opposing 
schools of thought: those who consider the Earth plentiful from a mineral and 
energy perspective and those who perceive a fixed stock of non-renewable resources 
on the Earth that must be adequately managed. The school of the “plentiful” is 
predominately constituted by mainstream economists that consider that “with the 
help of market incentives, appropriate public policies and new technology one can 
amply provide for society’s needs for the indefinite future”. For those adhering to 
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this philosophy, increased market prices due to local depletion and internalisation 
of environmental costs are considered opportunity costs for fostering exploration, 
materials substitution, recycling and efficiency improvements that challenge human 
ingenuity and push progress via innovation. 

On the contrary, “fixed stock” ecological economists and scientists are concerned 
with the physical reality of the increasing environmental impact of extraction and 
use of mineral resources, the observed evidence of declining ore grades and its ex- 
ponential demand for sustaining a limitless material development. They therefore 
claim the need for a global management - both in terms of amount and environmen- 
tal effects - of empirically limited resources that put their sustainability for future 
generations at risk. Consequently, they propose a radical change in depredatory 
material-intensive lifestyles. Such individuals are by no means luddites and do not 
deny that technology can facilitate development; in fact, many among them, are 
scientists and engineers that actively develop it. They do however question the idea 
that technology in circumventing all scarcities is the saviour of the world, showering 
it only with benefits. Asa result, they reject the Aziom of Technological Abundance: 
“technologies will always be found enabling substitution among sources of natural 
capital and between manmade and natural capital’ (Mcmahon and Mrozek, 1997). 

Apparently, and somewhat paradoxically techno-optimism is always greater in 
economists than in scientists and technologists. Indeed history has demonstrated 
that new technologies are also open to new unexpected problems, some of which as 
important as those they intended to solve. 

In the next sections the different approaches followed by economists regarding 
resource depletion are briefly described. 


2.4.1 The neoclassical approach 


The neoclassical school of thought centres its message in monetarism and free mar- 
kets. Markets are efficient in allocating resources and everything is a question of 
cost and price. Their precursors went radical, notably the Austrian School, when 
they claimed advantages in the depletion of mineral capital (Bradley Jr., 2007). For 
example, von Mises (1998) wrote: 

“Nobody knows whether we, in being less profligate with these deposits, would 
not deprive ourselves without any advantage to men of the twenty-first or of the 
twenty fourth centuries. It is vain to provide for the needs of ages the technical 
abilities of which we cannot even dream”. 

Whilst Hayek (1960) states that: “Industrial development would have been 
greatly retarded if sixty or eighty years ago the warning of the conservationists 
about the threatening exhaustion of the supply of coal had been heeded; and the 
internal combustion engine would never have revolutionised transport if its use had 
been limited to the then known supplies of oil ... the conservationist who urges 
us to make greater provision for the future is in fact urging a lesser provision for 
posterity.” 
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Zimmermann (1951) goes further in denying the objective concept of resources 
by stating “Resources are means to ends. Means derive their meaning from the ends 
which they serve. Ends suggest purpose. Purpose springs from the human mind, 
from the mind of individuals or of groups of individuals. Resources, therefore, reflect 
the subjective appraisal of those who purposefully choose means to accomplish given 


” 


ends.” He insists that “resources become”, that they are an evolving concept. It 
is Bradley Jr. (2007) who makes a sharp division between Thermodynamics and 
Economics with “The confounding of Physics with Economics has plagued a real- 
world understanding of mineral resources. The phenomenon of entropy and the laws 
of Thermodynamics rule in their domain. But there is no economic law analogous to 
the physical conservation of matter. There is no law of conservation of value; value 
is continually, routinely created by the market process. And this value creation 


does not deplete.” 


2.4.2 <A discussion on the Hotelling and Barnet and Morse 
approaches 


The less radical contributions of Hotelling (1931) and Barnett and Morse (1963) 
have been widely accepted among economists (Tahvonen, 2000). Their message is: 
resource depletion is offset by market mechanisms. Hotelling (1931) developed a 
theoretical model suggesting that mining companies would extract resources at a 
“social optimal rate”, maximising well-being indefinitely. 

Their reasoning is that when a resource becomes scarce its price tends to go up 
and stimulates new exploration, recycling, extraction, process efficiency, substitu- 
tion technologies, dematerialisation and other technical innovations thus compen- 
sating shortages. Rising prices, through rising scarcities, are intimately linked to 
technical improvements. So according to the aforementioned authors there is no 
need to fear about mineral scarcity since the planet is large enough and essentially 
unknowable. 

Following this reasoning, in the renowned book Scarcity and Growth!, Barnett 
and Morse (1963) analysed whether mineral prices and extraction costs evolution 
confirm or not the physical scarcity hypothesis. The latter are computed as the 
amount of labour and capital required to produce a unit of output?. With their 
work, Barnett and Morse (1963) (and later Simon (1998)), invalidated the clas- 
sical economist’s view that with diminishing marginal returns and finite natural 
resources, the cost of extraction should increase as demand increases and depletion 
occurs. This was done through a detailed empirical study of the U.S., which showed 
that costs and prices corrected for inflation, did not augment over nine decades. Yet, 
somewhat unexpectedly, production did increase between 1.5-3% p.a. It was argued 
that economic theory has internal mechanisms for overcoming shortages and these 


1Scarcity and Growth was the first systematic empirical examination of historical trends. 
?The same indicator was used until: Scarcity and Growth Reconsidered (Smith, 1979b). 


Economic versus Thermodynamic Accounting 33 


invalidate the physical scarcity hypothesis. In fact, markets ignore objective phy- 
sical scarcity as long as the availability of goods is guaranteed something which 
is typified by the statement “only cost and price matter” (Adelman, 1993). This 
message contrasts with the old classical economists one from Jevons, Malthus or 
Ricardo (with their law of diminishing returns). 

A contrary point of view from that of Barnett and Morse (1963) is that of 
Krautkraemer (2005), who argued in Scarcity and Growth Revisited that extrac- 
tion cost is an inherently static measure; it does not capture future effects that 
are important indicators of natural resource scarcity. In addition, when extrac- 
tion cost provides information it only considers the supply side. If demand grows 
more rapidly than extraction costs decline, then they will give a false indication of 
decreasing scarcity (the opposite is also true). Furthermore, extraction costs are 
subject to technological learning curves and in-situ political, social and environ- 
mental disturbances. 

Likewise, different authors such as Ruth (1993) or Reynolds (1999) claim that 
scarcity is rarely reflected in prices. This assertion is contrary to Fisher (1979) who 
states that prices “summarise the sacrifices, direct and indirect, made to obtain 
a unit of the resource”. However, according to Ruth (1993), for this to be accu- 
rate, markets must be efficient and preferences of current and future generations 
have to be anticipated. Additionally, current and future technologies must be fully 
described. Prices instead reflect the incomplete description of current technologies, 
preferences of present generations and current institutional settings. In this respect, 
Reynolds (1999) shows that it is possible to have several years of increasing produc- 
tion simultaneously with lower prices and costs only to experience suddenly a sharp 
increase of prices together with a large cut in production as the resource nears its 
commercial end. 

Such phenomena probably occur because a commodity’s price is more related 
to a perceived rather than an objective physical scarcity. That is to say that price 
will tend to be stable regardless of the information available pertaining to its real 
physical scarcity. To use a well-known example, the price of oil throughout the last 
fifty years has fluctuated more intensively as a consequence to political instabilities 
rather than to any objective measurements. 


2.4.3 The environmental economists’ approach 


The school of environmental economists was born in the 1950s out of the shadow 
of political concern about the future supply of minerals, energy and agricultural re- 
sources due to the high demands caused by the Second World War (Pearce, 2002). 
Resources for the Future, RFF, was founded in 1952 as a research organisation 
to promote discussion about environmental concerns in economic science, amongst 
others. The concept of assessing costs of environmental externalities, developed in 
its early stages by Pigou (1920), was used by the organisation to analyse negative en- 
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vironmental impacts, z.e. the loss of biodiversity, caused by the supposedly positive 
economic activities such as the manufacture and use of pesticides. The problem with 
the now infamous pesticide DDT, first voiced by marine biologist Rachel Carson 
(Carson, 1962), ignited the fire and was the catalyst for the socio-political aspects 
of the environmental movement. 

The environmental economic paradigm still strongly influences environmental 
policies. The U.N. statistical framework SEEA (Sec. 2.5.1), the proposed OECD 
Accounting Framework or the “genuine savings” concept adopted by the World Bank 
are examples of its influence (Pearce and Atkinson, 1993; Hamilton, 1996; Hartwick, 
2000). The conceptual revision of the GNP (Gross National Product) to reflect 
changes in the net depreciation of manmade, natural, human and social capitals 
used to measure sustainability is a contribution from this school of thought. As 
Pearce (2002) states, “Two of the triumphs of environmental economics have been 
to emphasise the incompleteness of appraisals that omit environmental change and 
to develop the means of incorporating environmental values into appraisal”. 

Practitioners of this school have also contributed greatly to the introduction 
of environmental accounts into policymakers’ thinking and planning. Their syste- 


matic money solving approach, to any environmental problem, provides practical 
solutions to take Nature into account(s). However, this monetary reductionism 
yields doubtful results in controversial cases. The Cost-Benefit analysis is their 
key tool for exploring optimal decisions among economic-environmental tradeofts; 
for instance, in justifying projects by compensating those set to lose out by the 
existence of that same project should benefits exceed costs. Their valuations are 
based on revealed preferences and firmly rely on market-based instruments like pol- 
lution taxes, deposit-refund schemes and tradable pollution permits grounded on 
the Polluter Pays Principle, choices of discount rate and concepts alike. 

As can be seen from the above, environmental economists have traditionally 
focused on pollution problems rather than on natural resource depletion. However 
it is worth highlighting the fact that even with debatable valuation methodologies, 
particularly in resources prone to depletion, environmental economists are convert- 
ing their social demand for progress towards a sustainability which can be assessed 
in quantitative terms. 


2.4.4 The ecological economists’ approach 


The mathematician, statistician and economist Nicholas Georgescu-Roegen can be 
considered as the father of the Ecological Economics school. It was however his 
student Daly (1968) with his classical book “Ecological Economics” who fostered 
this discipline the most. The first formal efforts to bring ecologists and economists 
together occurred in the 1980s, when the International Society for Ecological Eco- 
nomics and the Ecological Economics Journal were established (Costanza, 2003). 
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What differentiates environmental economists from ecological economists is the 
underlying transdisciplinary and thermodynamic inspiration of the latter. Further- 
more, the time horizon used by ecological economists is considerably larger. 

Mainstream economists, meanwhile, do not consider ecological economists as 
one of their own; but rather visualise them as a group of transdisciplinary re- 
searchers (economists, ecologists, physicists, anthropologists, sociologists or political 
scientists) committed to environmental issues and their socioeconomic consequences 
(Ropke, 2004). 

The inaugurating metaphor of the ecological economics movement, established 
by Boulding (1966), is the concept of Earth as a “spaceship”, a place where humans 
live and cannot escape. A spaceship which unfortunately contains a “cowboy-like 
economy, associated with reckless, exploitative, romantic, and violent behaviour, 
which is characteristic of open societies”. Such societies use profligately non- 
renewable resources instead of operating as if they were in a “spaceman economy”. 
This economy involves the recycling of materials and the use of renewable energy, 
where they are both key to survival. 

Ecological economists believe that the economy must be embedded in the eco- 
logical realm because economic activities are a subset of human actions and can- 
not escape the physical and biological laws that permit planetary life. Converting 
ecosystems and the depletion of natural resources into a human construct like money 
cannot be sustained indefinitely since the environment has no substitutes. 

Likewise, price, in most cases only reflects opportunity and speculation. It does 
not reflect effort either from Man or Nature. In this respect, Naredo (1987) claims 
that conventional economy is only concerned with what is directly useful to Man, 
in that it is acquirable, valuable and produce-able. For this reason, most natural 
resources, remain outside economic system analysis with price-fixing mechanisms, 
rarely taking into account the concrete physical characteristics which make them 
valuable. 

Therefore the biogeophysical limits of the planet are the ones which should 
bind Economics, not vice versa. Moreover, ecological economists conclude that if 
many of the effects of interactions between human beings and the environment are 
unknown or unpredictable, one needs to employ a precautionary principle in order 
to avoid extravagances and biological collapse seeing as “conservation generates 
information” (Jonas, 1984) whilst ignorance favours depredation. In this way, Pearce 
and Atkinson (1993) essentially advocate an economy that avoids growth based on 
natural capital exhaustion which in turn implies drastic resource efficiency measures 
and a lifestyle change. 

The roots of the thermodynamic inspiration of ecological economists must 
be sought in the book entitled The Entropy Law and the Economic Process 
by Georgescu-Roegen (1971)?. In fact, this permanently linked Economics and 


3Even if Thermodynamics has inspired many authors before Georgescu-Roegen, Martinez-Alier 
(1987) cites authors like Patrick Geddes, Frederick Soddy, Serhii Podolinsky, Leopold Pfaundler 
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Thermodynamics, which is why the next section is devoted to explain his theory 
albeit briefly. 


2.4.4.1 “Matter matters too”: N. Georgescu-Roegen 


Georgescu-Roegen (1971) culminated the intellectual path leading on from pure 
monetarism to Thermodynamics and placed the Second Law -the Law of Entropy- 
(explained in detail in Chap. 3) as the cornerstone of Economics: 


“From the epistemological viewpoint, the Entropy Law may be regarded as the 
greatest transformation ever suffered by Physics. It marks the recognition by that 
science - the most trusted of all sciences of Nature- that there is qualitative change 
in the universe... Of all sciences of inert matter, Thermodynamics is the nearest 
to man’s skin - literally, not figuratively... Thermodynamics is fundamentally a 
physics of economic value”. 


Among Georgescu-Roegen’s contributions two are worthy of note: First, that 
conventional Economics is an analogue to mechanics in which degradation is not 
taken into account because irreversibility does not exist in business cycles. As such, 
evolution and qualitative novelty are completely forgotten in the production func- 
tions that describe the processes of goods manufacture and services (utilities). These 
functions are indifferent to the scale, time and space. In Georgescu-Roegen own 
words: “The mechanistic epistemology is responsible for a still greater sin of mod- 
ern Economics, namely, the complete ignorance of the role of natural resources in 
the economic process” (Georgescu-Roegen, 1977b). Accordingly, matter and energy 
waste are seen as an inconvenient output rather than a necessary outcome that can- 
not disappear. What comes in the form of productive factors necessarily must leave 
as commodities and waste, not only commodities. However, in Economics, money 
circulates and closes the cycle no matter its direction, since it is self-sufficient and a 
fully reversible perpetuum mobile. So even if “there is no such thing as a free lunch”, 
economists have intended to convey the idea that generally for every expenditure, 
there must be an equal income. Consequently, the books of Economics always ba- 
lance out: dollars in are equal to dollars out and they never have a deficit like that 
which occurs with the matter-energy thermodynamic processes. 

The second idea worthy of consideration is that “matter, matters too”, perhaps 
even more so than energy, as a conditioning factor to mankind’s existence: 


and others who made important contributions to the link between the biosphere, Thermodynamics 
and Economics at the beginning of the twentieth century. However, it was not until the 1980s when 
ecologists and economists were formally brought together, with the establishment in 1982 of the 
International Society for Ecological Economics and the Ecological Economics journal constituting 
an important milestone. Authors like H. Daly, R. Costanza, C. Hall, B. Hannon, A.-M. Jansson, 
H.T. Odum, D. Pimentel, R. Ayres, C. Cleveland, R. Goodland, R. Norgaard, D. Pearce, R. 
Hueting, J. Martinez-Alier, C. Perrings, M. O’Connor, S. Funtowicz, J. Proops, J. Ravetz, R. 
Passet, M. Ruth, E. Tiezzi, J.M. Naredo, J. Grinevald and others contributed and helped to 
develop the new paradigm. See also for details Costanza et al. (1997); and Ropke (2004). 
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“Homo sapiens make tools to make tools, to make tools ... For these tools, which 
are in fact detachable organs, we have come to tap in staggering measures re- 
sources from the bowels of the Earth” (Georgescu-Roegen, 1983). 


Truly, in a finite planet, with finite material resources, recycling is needed for 
ecological salvation. For recycling, energy is essentially required and the greater the 
material dispersion, the more energy is needed as will be seen later in Chap. 14. 
As matter is increasingly subject to friction, cracking, chipping, blistering, corro- 
sion, fatigue, mixing and alloying, it degrades and disperses, making the complete 
recycling of matter an unattainable task. Man is thus doomed to extract cur- 
rently available materials from the crust only to convert them subsequently into 
unavailable ones, in order to sustain economic activities. This makes an everlasting 
steady-state economy impossible (Daly, 1991). 

The Second Law perfectly supports this idea and the exergy needed to concen- 
trate an infinitely dispersed material is effectively infinite. Yet, to explain this fact, 
Georgescu-Roegen (1977a) went further by promoting an unnecessary “Fourth Law 
of Thermodynamics”. With his fourth law, Georgescu-Roegen (1977a) claimed that 
matter behaves in a way parallel to the fact that available energy is irrevocably con- 
verted into an unavailable one. Thus in his opinion, available matter irrevocably 
becomes unavailable. 

But this statement is scientifically wrong. It is in fact an outcome of the Second 
Law. This can be explained through the following reasoning. The boundary mark- 
ing, say, available heat and unavailable heat is its ambient temperature (Sec. 3.2.2). 
The lower it is, the more heat can be transformed into useful work. At the limit, 
a given heat flow could be completely converted into useful work if the ambient 
temperature were able to reach zero Kelvin. This availability is independent of the 
technology employed. Contrary to heat, matter has no such associated intensive 
property* that could define what is available and what is not. In other words and 
at least in theory, every minuscule piece of matter could be separated from the 
rest if enough energy and separation precision is used. Accordingly, Georgescu- 
Roegen’s statement is rather a practical/economic one than any new physical law. 
As a matter of fact, both energy and matter continuously and irrevocably degrade. 
However, there is no need to define parallel material entropy® and its corresponding 
material temperature to explain this phenomenon. Notwithstanding, the idea of 
Georgescu-Roegen that “as time goes on, technologically crucial minerals may be- 
come exhausted”, still holds and Thermodynamics allows for the calculation of this 
exhaustion velocity through the exergy analysis as explained in this book. 

Appendix E provides a transcription of the interview that Antonio Valero con- 
ducted with Nicholas Georgescu-Roegen in 1991, in which the aforementioned issues 
were discussed. 


4Such as material temperature. 
5 Which should be as numerous as the different chemical species. 
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2.4.5 How is economic thinking related to the Entropy Law and its 
recent developments? 


Economists uphold two major positions in respect to the Second Law. The majority 
believe that whilst this law provides the boundary to all physical actions, it holds 
no immediate practical importance to any economic activity and can therefore be 
ignored in an economic analysis (Solow, 1997). This mainstream thinking drives the 
economy to operate as if waste were a negative externality rather than a source of 
valuable secondary resources. There is no generally assumed consciousness regard- 
ing the lack of non-renewable resources and subsequently there are no incentives for 
generating a fully developed market for recycling. Rather, as waste upsets people, 
modern societies have created a myriad of end-of-pipe laws to classify and orderly 
dispose it in landfills which gives a dangerous meaning to the expression out of 
sight, out of mind. Daly (1992) states: “If recycling dispersed matter was as easy as 
finding new resources, then why have even neoclassical economists put the emphasis 
on substitution of new resources rather than on recycling of old resources”. Further- 
more, according to Christensen (1991), focusing on the circulation of money and 
evident environmental externalities, “Neoclassical Economics lacks any representa- 
tion of materials, energy sources, physical structures, and time-dependent processes 
that are basic to an ecological approach”. 

On the contrary, ecological economists advocate the Second Law at the macroe- 
conomic scale with the underlying view that a steady-state economy cannot exist 
without first considering the law of entropy which places limits on the permissible 
scope of economic activities (Daly, 1991). As stated before, the book “The En- 
tropy Law and the Economic Process” by Nicholas Georgescu-Roegen in 1971 was 
the first in marking the need for economists approaching Ecology to have a closer 
look at Thermodynamics. He put the Second Law (with its related concepts of 
irreversibility, degradation and the loss of quality) into the heart of Economics. 

However, “entropy” is used qualitatively by ecological economists as a metaphor 
in quite an inoperative way. Mayumi (1995) statement that: “the scarcity of mineral 
resources establishes a limit on the survival of the human species on this planet” is 
typical of ecological economists as its main strength lies not in analytically solving 
problems but in detecting them and giving insights into their solution (Faber et al., 
1996). Expressions like “low entropy natural resources are converted into high en- 
tropy wastes” are extensively used in the literature as little more than qualitative 
explanations, never converted into numbers that could truly evaluate the yearly 
destruction of Earth’s natural capital. 

Yet, even with the lack of objectivity, “one must admit that some things must 
be done in spite of the absence of numbers” (Georgescu-Roegen, 1971). Scarcity is 
a word commonly used in both Economics and Thermodynamics but Daly (1992) 
implicitly admits to having no knowledge on how Thermodynamics can solve the 
scarcity problem: “prices measure scarcity relative to wants in the service of opti- 
mally allocating a given resource flow among alternative human uses in the present 
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generation. But the question of absolute scarcity, of the optimal sustainable scale 
of the economic subsystem as a part of the overall ecosystem, cannot be understood 
without some help from Thermodynamics”. 

Meanwhile, thermodynamicists throughout the 20th century developed a new 
property of matter: exergy, which is the minimum amount of work needed to form 
a system from its constituent elements taken from a given reference environment® 
(see Sec. 2.6.3). Two important facts took place during the 80s and 90s in the 
thermodynamicist community. First, the appearance of the concept of exergy cost, 
or embodied exergy, and its linkage with the concept of irreversibility, explained 
in detail in Chap. 3. There can be many costing indicators, but exergy is more 
than an indicator, it is a physical property that can universally be defined for any 
piece of matter. Moreover, its loss measures degradation. From that moment on 
in science, costing became a synonym of irreversibility accounting, rather than a 
mere economic technique. The cost concept entered into the Physics realm and 
was measured in S.I.” related units, kWh or Joules, and not in subjective monetary 
units. This is how the new discipline Thermoeconomics came into birth. The 
second fact was the realisation that the Input-Output analysis first developed by 
Leontief was isomorphous with the Thermoeconomics superstructure. Exergy links 
thermofluid dynamic properties such as enthalpies or entropies with cost accounting 
methodologies in a continuous field. This is a significant contribution of economists 
to the advance of Physics. Unfortunately, this was done originally by engineers 
more interested in optimising and diagnosing processes than in making conceptual 
bridges with ecological economists. 

Hence, even though Thermoeconomics was sufficiently developed by the end of 
the millennium, no systematic application was undertaken in the field of evaluating 
natural resources. In fact neither the statement of Clausius that the Universe tends 
towards a thermal death, nor the Reference Environment by Szargut (1987) was 
enough to evaluate the natural capital on Earth (see Sec. 10.4). The evidence of 
finiteness was never converted into systematic accounting. This is simply because 
there were no techniques available. 

Unfortunately, after four decades since the birth of the Ecological Economics 
school, Thermodynamics still remains isolated from mainstream economy, and vice 
versa perhaps. 

For neoclassicals Thermodynamics is simply ignored. For environmental or eco- 
logical economists it is poorly understood or in the most promising case scenario, 
it lacks the quantitative instruments to convert economic statements into global vi- 
sion and policy, such that would allow for a sound management of planetary natural 
resources. 


6Exergy and system analysis were not sufficiently developed when Georgescu-Roegen wrote his 
book. In fact it took almost two decades to develop the Reference Environment and Thermo- 
economics. But they were developed independently from the ecological economics mainstream 
thinking. 

“SI: System of International units. 
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Given this situation, the burning question then becomes whether this void stems 
from the thoughtlessness of individuals in the “soft” sciences or even from the 
economists’ disinterest in the “hard” sciences. 


2.5 The accountants’ view 


To what extent have economists developed tools for accounting and managing na- 
tural resources? Do environmental-economic accountants have a general method- 
ology that can be applied in the assessment of the Earth’s mineral endowment? 
Do accountancy systems include tools that connect thermodynamic and economic 
messages? Finding the answers to these is the ultimate aim of this section. But 
beforehand, one must know what it is meant by cost accounting and how it relates 
to the Second Law. 

The costing process essentially consists of four steps: first, a search for the 
causality of facts; second, the quantification of efforts and physical impacts; third, 
the conversion of these efforts into monetary (or any other numéraire) equivalents; 
and fourth, the reporting of all the previous steps, 7.e. accountancy. 

The Second Law clearly states that any activity performed entails the destruc- 
tion of resources with cost quantifying this sacrifice. Life is an act of an organism 
expending resources for eating, sheltering or defending itself and therefore life itself 
carries an intrinsic cost. Yet one can still forget the transitive nature of costing. 
If somebody acts, someone or something else loses. There is no such thing as a 
win-win situation. Nature is typically (and sadly) the one that bears the greatest 
cost, the one that always loses. Fortunately, in many cases, given time, the sun 
sooner or later fixes the damage inflicted. In mining processes this is not the norm, 
the sun is not a major replenisher. Therefore, accountancy and global governance 
must play a key role in conserving Nature’s endowment. 


2.5.1 The SNA and the U.N. System of Environmental-Economic 
Accounts (SEEA) 


Perceived by environmental economists as the perfect infrastructure for accounting 
environmental costs, the System of National Accounts (SNA) is an internationally 
agreed system of concepts, definitions, classifications and norms of accounting. It 
records how production is distributed among consumers, businesses, within the 
national government and foreign nations. It is a macroeconomic tool that aligns 
economic statistics with national accounts serving for the economic analysis and 
policy design of countries®, with the Gross National Product (GNP) one of its most 
popular outcomes. It operates in the same way as a private company’s standardised 
end of year balance sheet. 


8See http://unstats.un.org/unsd/nationalaccount/sna.asp. Accessed Feb. 2012. 
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The U.N.’s System of Environmental-Economic Accounts (SEEA) follows a simi- 
lar accounting structure to the SNA and applies the same concepts, definitions and 
classifications in order to facilitate the integration of environmental and economic 
statistics®. The way in which the statistics are universally organised permitting well 
established procedures for their analysis is perhaps the greatest contribution of the 
SEEA. 

The SEEA is organised into three main parts: the Central Framework, Exper- 
imental Ecosystem Accounts, and Extensions and Applications. In particular, the 
former is intended to be a universal single measurement system providing informa- 
tion on water, energy, minerals, timber, soil, land, ecosystems, pollution and waste 
production, that is to say, the consumption of all things that create interactions 
between society and Nature. 

According to the Central Framework, which claims to facilitate the comprehen- 
sion of data provided by scientists and economists and build a bridge between them, 
an environmental asset can be defined as “the naturally occurring living and non- 
living components of the Earth, together comprising the bio-physical environment 
that may provide benefits to humanity”. Such assets are presented as both physical 
and monetary data. 

Sec. C.1 in the Appendix describes the SEEA methodology of mineral and energy 
resource accounting. Briefly stated, it recommends SI units for the accounting of 
solid wastes, wastewater, emissions to water, soil and air, dissipations in uses (such 
as dispersion of fertilisers) and in losses (such as the abrasion in tyres), natural 
residuals and finally water and energy losses in extraction, distribution, storage and 
transformation (Fig. 2.1). 

Energy and water flows are accounted in physical units from the cradle to the 
grave. They, compared to their material counterparts, are much simpler to account. 
This is because of the diverse nature of materials, insofar as they can be separated, 
reacted and mixed together to produce new ones thus making physical flow tracing 
difficult. 

The Economy-Wide Material Flow Accounts (EW-MFA) provide an aggregate 
overview. These accounts, expressed in mass units, describe the material input- 
output of a given economy and includes the environment and the rest of the world 
as subsystems (Eurostat, 2001; OECD, 2008). Converting the units into money 
permits, in theory, a comparison among different assets. The SEEA’s preferred 
approach of asset valuation is the use of market prices. “Strictly, market prices are 
defined as amounts of money that willing buyers pay to acquire something from 
willing sellers”. 

The Central Framework recommends the Net Present Value (NPV) to estimate 
market prices for non-market assets. This approach, also named the discounted 
value of future returns, “uses projections of the future rate of extraction of the asset 
together with projections of its price to generate a time series of expected returns”. 


9See http://unstats.un.org/unsd/envaccounting/seea.asp. Accessed Feb. 2012. 
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Fig. 2.1 General physical supply and use table according to SEEA 


Yet valuating assets at market prices is not without its weaknesses, since there are 
“few markets that buy and sell assets in their natural state and hence determining 
an asset’s economic value can be difficult”. 

Therefore, the authors find two main objections with the SEEA. First, even if 
money makes for easy comparisons among various different issues, it reflects social 
values, rather than objective ones, which vary with time and national borders. This 
is because money is a symbol of the purchase power an individual has in society. 
People pay people, not Nature and if Nature claims nothing for “her” services, any 
monetary accounting system will only echo Man’s present interests. 

The implicit paradigm behind this is: if one could extract and use all present 
environmental capital and convert it into money it would be better than having 
physical assets yet to be exploited. This is absurd reductionism with only the 
insufficiency of money inhibiting the insanity of converting Nature’s capital into 
digits of a bank account. On the other hand, if everything is converted into money 
its value would depreciate. Therefore, somewhat paradoxically, those that will have 
retained their resources would become the wealthiest. This is simply because the 
willingness to trade weakens with abundance and strengthens with scarcity. Yet, 
the lack of a better numéraire maintains the power of money. 
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Second, the environment is treated both as a source of natural resources and a 
sink of wastes. For the natural scientist, it is perhaps a crude utilitarian method that 
considers Nature as an input/output of human productivity. Dividing Nature into 
assets does not reflect all interactions among natural systems. Converting a forest 
into a stock of timber does not reflect its multifaceted role nor the multiple benefits 
derived from its existence such as flood protection, clean air, soil maintenance, 
climate regulation or even recreational purposes. Numbers will never be indicative 
of causality and may even provoke greed for rapid exploitation of natural resources. 
For the SEEA Central Framework, the whole is exactly the sum of its parts. It 
resigns holism in favour of reductionism. 

In addition, the fact that SEEA uses physical accounts without homogeneity 
in units or specificity in the type of mineral/material, makes the tracing of physi- 
cal flows along a life cycle all the more confusing, since materials react, mix and 
decompose. This is something which would be better facilitated through the use 
of exergy values (as will be seen throughout this book) and trace analyses using 
Sankey diagrams’. 

That said, the authors recognise that the SEEA constitutes an impressive ini- 
tiative for putting numbers to Man-Nature interactions, in a rational and global 
way. It has the merit of being a pioneering proposal for a global accord with which 
to take Nature into account. There is no other initiative. Even if many countries 
have their own classifications for environmental assets, they are not as complete 
and are far from being standard. Furthermore there remains no consensus as to 
standardised definitions and in many cases, it is necessary to apply conversions if 
one wishes to compare across nations. Therefore, the SEEA initiative, despite its 
failings, could be an important step for establishing a complete picture of effective 
and globalised natural resource management, as will be discussed in Sec. 17.5.1. 


2.5.2 The net price and the user cost methods 


As explained previously, the Net Present Value (NPV) is the accounting method 
recommended by the SNA and SEEA for valuing mineral resource stocks. It con- 
sists of converting future cash flows to their present day value and subtracting the 
capital cost invested throughout the extraction period. However, there are other 
valuation methods in the literature worthy of appraisal (Domingo and Lopez-Dee, 
2007; Rubio, 2005). 

The Income Approach as with the NPV, tries to predict future benefits con- 
verting them to a present day value. The principal approaches are the Net Price 
Method, which considers depletion to be capital depreciation (Repetto, 1988, 1992; 
Hartwick, 1990; Maler, 1991) and the User Cost Method (El-Serafy, 1989). 

Economists /accountants regard depreciation as a physical degradation of ma- 
chinery!!. Basing their procedure on the principle of “keeping capital intact” they 


10Sankey diagrams visualise material or energy flows with proportional arrow magnitudes. 
11Thermodynamicists name this degradation irreversibility or exergy destruction of manufacturing 
systems. 
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would account it as a non-cash expense that offsets its value reduction throughout 
its useful life and during the accounting period. Depreciation lowers the company’s 
reported earnings while simultaneously increasing liquidity. In other words, physi- 
cal degradation is compensated for by money. Following on from this idea, Repetto 
(1988, 1992) proposed to treat the depletion of non-renewable resources as a form of 
capital depreciation; thus paralleling wealth with human-made capital. Therefore 
the Net Price Method values non-renewable resources as the market price, minus 
the cost of discovery, extraction and marketing and multiplying this difference by 
the net quantity extracted each year. This approach considers all revenues obtained 
from the extraction as capital consumption. Consequently, the net national income 
is zero, as if the resource never existed. 

Converting Nature into money liberates cash flow that can then be used in 
other purposes that include the acceleration of exploitable but not yet exploited 
resources. This idea is based on the Hotelling Rent Model (Hotelling, 1931; Khanna, 
2012) which states that under perfect competition, the non-renewable resource rent 
will rise with the market interest rate (discount rate), as the resource becomes 
increasingly scarce. 

This method, focused on the present day value of subsoil assets, considers money 
to be a perfect substitution for mine resources. Nothing is thus set aside for future 
would-be uses. Furthermore, pollution or depletion costs are not internalised if the 
market doesn’t account for them. As the method draws parallels between wealth 
and income, it implicitly assumes that if there is market demand and capacity to 
supply it, the extractor will maximise profits as early as possible and would then 
only stop extraction if higher profits are expected in the future. If market supply 
and demand is evenly balanced or indeed if the market favours the demand side, 
the price of the commodity will fall. On the contrary, if demand exceeds supply, the 
price will rise, thus reaching a dynamic equilibrium between the two. Later when 
the resource is near exhaustion, the quantity extracted will continuously decline, 
leaving its price to rocket and demand to fall. A moment which (eventually) paves 
the way for design innovation and the manufacture of viable substitutes. Extraction 
will cease when the marginal extraction cost plus the opportunity cost of the firm 
meets the commodity price. This method responds to the pure logical interaction 
between the extractor and the market, with no attention paid to conservational 
interests. Hence, it encourages consumption. 

Yet a deteriorated environment or a depleted natural resource endowment in 
a given country may not cause the re-estimation of national accounts. This issue 
is especially important in the case of developing countries, since they may have 
no or limited alternative industrial means for continuing development. Moreover, 
while extraction occurs, a false sense of prosperity may cause an overvaluation of the 
domestic currency discouraging other exports and thus forging a greater dependence 
on that mineral extraction (Dutch disease). The country (or region) then becomes 
exposed to the risk of de-development. This lack of foresight affects the economic 
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development of many natural resource dependent countries whose reliance increases 
as the resource approaches extinction. 

To avoid such scenarios, El-Serafy (1989, 2002) propose the User Cost method, 
also named the El Serafy method, based on accounting income instead of revenues. 
El-Serafy’s view is: “if an asset is sold, the receipts from sale are not income; income 
is the yield on an annuity that can be purchased with those receipts”. His approach 
helps countries to reflect on environmental deterioration in their national incomes. 
It has also been claimed to support weak sustainability (see Sec. 2.5.4), since it 
takes into account the environmental and depletion costs for greening the national 
accounts. Furthermore, the mineral endowment that a certain country once had, is 
converted into other assets, keeping it for future wealth. 

In this way, the method distinguishes between revenues, R and income, X from 
the sale of resources. Not all revenues derived from extraction in any year, R, should 
be considered as “true income”, X. This latter is the sole amount of income that could 
be sustained indefinitely for consumption. A part of these revenues, R-X, referred to 
as the “user cost”, “true cost” or “depletion cost”, should be invested in other assets 
at a market interest rate r to generate a constant flow of future income. Thus, 
national accounts should earmark the user cost in order to ensure funding for the 
compensation of resource depletion and later in order to sustain prosperity and make 
provision for any unplanned environmental remediation. The method is flexible, 
easy to apply and engrained in the accounting procedures as a sustained income. If 
a country decides not to invest in the user cost, the rates of return on extraction 
investment are falsely high and induce over-exploitation. On the other hand, if the 
user cost is too high, resource exploitation is not advisable. Obviously, the user 
cost highly depends on the discount rate used; therefore appropriate estimations 
are critical. 

The formula applied is expressed in Eq. (2.1): 


R 
R-X= (tne (2.1) 
where n is the life expectancy of a given resource at the current extraction rate 
before total extinction. It can be obtained from reserves size estimates and their 


extraction rates. 

There is another approach, the “Hartwick rule”, related to the idea of compen- 
sating resource depletion in the national accounts (Hartwick, 2000). The idea here 
is to invest the resource rents earned in the extraction of non-renewable resources 
in infrastructures, knowledge, natural capital and other types in order to offset 
that depletion. If investment is greater than depletion, there is a saving. Pearce 
and Atkinson (1993) coined such savings “genuine savings”. The concept has been 
adopted by the World Bank and is broadly used in many countries leading to the 
supporting of economic sustainability (Hamilton, 1996). 

Summarising, in all the methods discussed in this section and in the SEEA , the 
predominate focus centres on asset depreciation and how to solve the accounting 
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problem of resource depletion. Yet there is no direct link made which is indicative of 
the relationship between the use of resources (minerals, energy, ecosystem services, 
etc) and the associated environmental costs. There is no true objective desire to 
seriously look at the consequences of production and whether it is sustainable in 
the long term. Environmental deterioration due to production is simply treated as 
a fact to be accounted. This is for the authors a major shortcoming, since it is not 
enough to simply put some money aside in the hope that this may cover some of 
the cost of natural capital. 


2.5.3 The Hueting approach: environmental functions 


In any production process, environment deteriorates at the expense of some eco- 
nomic gain. For the sake of repairing the damaged caused, van Dieren (1995) 
proposes that countries and companies should fork out for Environmental Defense 
Expenditures (EDE), to remediate, mitigate, restore or avoid socially unacceptable 
environmental degradation. These expenditures can be assimilated to replacement 
investments that compensate the depreciation of Nature’s machinery in manmade 
capital. According to van Dieren (1995), these induced environmental costs are 
the counterparts of economic growth and should be deducted in the national ac- 
counts rather than added. Furthermore as Hueting (1980) states, there exists a 
direct relationship between welfare as measured in the national accounts, environ- 
mental defense expenditures and sustainability. This is because whilst some of the 
present-day economy is needed to sustain welfare, some is also required to maintain 
the environment. This environment, if sufficiently preserved, will then continue to 
support current and generate future welfare. At the forefront of development there 
should always be an assumed responsibility, fairness and a tradeoff between current 
enjoyed and future non-enjoyed welfare. 

Ecosystems, land, climate, renewable and non-renewable resources are environ- 
mental functions that provide value to society. The cost of restoring, replacing 
or repairing the depletion or degradation of these environmental functions should 
be charged against income (Hueting, 1980; Hueting et al., 1992; Goodland, 1999). 
Accordingly, in the case of renewable resources, the way to reach sustainability is 
by maintaining, restoring and protecting those environmental conditions that allow 
their regenerative capacity. For the case of non-renewable resources, the key idea 
is “indefinitely” extending reserves. This could be achieved with a set of measures 
which include increasing process efficiency and the rate of recycling and substitu- 
tion or eventually via the decreasing of consumption (as will be seen in Chap. 15 
and Chap. 16). Such measures must above all compensate depletion insofar as the 
annual consumption of the resource does not exceed the overall amount that can 
be supplied indefinitely, either from its extraction as a raw material or from its 
recycling and/or substitution. 

The correlation between investments and their corresponding reduced environ- 
mental impact is what Hueting calls the supply curve. The greater the investment 
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in abatement technologies, the lower the extent of environmental damage. Strictly 
speaking, there is an elimination cost curve that reflects the cost of the environ- 
mental loss, which is equal to the value of the best available alternative. Then 
again, the public is conscious of the need to protect the environment and is will- 
ing to pay in order to offset some of this damage, a value reflected in the demand 
curve. The Hueting approach also incorporates the accountant’s axiom of “keeping 
(natural) capital intact” but to the level which society demands (van Dieren, 1995). 
The demand curve is difficult to quantify and in many cases is substituted by some 
established environmental standard. It can however define society’s plea for envi- 
ronmental protection and action. As both curves can be extended to include any 
aspect covering the consumption of natural resources, they may also be used for 
adjusting the national accounts from an environmentally sustainable point of view. 
In fact, the intersection between the supply and the demand curves should provide 
a value for each produced asset. 

There are supply and demand curves for each and every environmental function, 
with which Hueting’s procedure monetises the equilibrium between the actual cost 
of protecting the environment to varying degrees and that which society is willing 
to protect (and pay for). Thereby, the National Income Indicator is transformed 
into a Sustainable National Income, simply by discounting all the assessed losses of 
environmental functions. The latter indicator has been used by the Central Bureau 
of Statistics (CBS) in the Netherlands in an attempt to account for virtually every 
aspect relating to the degradation and depletion of natural resources caused by 
economic development. Integrating data into an economic analysis, requires high 
quality statistics derived from a broad scientific basis. And albeit burdensome, this 
facilitates a systematic diagnosis of which measures and at what cost should the 
path of sustainability be obtained. 

The weakest point in Hueting’s procedure is that it pays more attention to 
“sink” than to “source” functions of the environment. In other words, technologies 
for emission and waste elimination are more comprehensively studied than potential 
alternatives to the depletion of mineral deposits, topsoil, forests, etc (de Boer and 
Hueting, 2004). This focus arguably reflects a developed country’s demand for a 
cleaner environment rather than a concern for resource depletion. There is thus no 
need for prevention and all that is left is the cure, seeing that as for the most part 
many of its natural resources have already been exploited and that most minerals 
and fossil fuels currently used within them are imported from elsewhere, typically 
countries (or regions) that still remain relatively untouched. 

There are also no clear solutions for those environmental functions that can- 
not be compensated such as the loss of topsoil, the irreversible and mass use of 
phosphates for agriculture or the intensive use of scarce metals for innovative tech- 
nologies, whose reserves remain unknown. Abatement is thus more comprehensively 
considered than depletion. This is because lay people and even experts often lack 
certitude when regarding the criticality of some non-renewable resources resulting 
in an ill-defined “demand curve” for recycling, substitution and resource efficiency. 


48 Thanatia: The Destiny of the Earth’s Mineral Resources 


Another proposal from Hueting is the avoidance and prevention cost approach 
(Hueting, 1980, 1993). Prevention costs refer to the costs of those activities which 
prevent or lessen further impacts of present development. They are heavily rooted 
in the concept of strong sustainability (see Sec. 2.5.4) which supports the idea that 
human activities should never decrease natural capital, now or in the future, given 
that it is something that is most definitely not substitutable with its manmade 
counterpart. Further, they are a subset of the “environmental costs caused” that 
are themselves derived from the principle of “those whose economic activity provokes 
a domestic or cross-boundary damage to the environment should pay for it.” Any 
imputed costs should as a consequence be deducted from the net value added (van 
Dieren, 1995). 

The Avoidance Cost Approach pursues a framework which prescribes the preser- 
vation of ad infinitum environmental functions for future generations, 7.e. an avoid- 
ance of any change to the global ecological system. It leans towards intra- and 
intergenerational equity and international responsibility. 

The Potential Avoidance Costs meanwhile, are hypothetical expenditures that 
should have been paid out if one wanted to prevent the loss of natural capital due 
to some economic activity. They can be estimated by modelling alternatives and 
theorising sustainable modes of economic behaviour. The hypothetical net domes- 
tic product can then be obtained by deducting those costs from the net domestic 
product. Undoubtedly, the cost for adopting a precautionary stance significantly 
reduces the net produce of economic activity. This is however the price society has 
to pay for long lasting development, even if it is something that it prefers not to be 
able to afford. 

For the case of subsoil assets depletion, the only way to obtain such costs is 
through the estimation of replacement costs with another type of renewable natural 
resource. For fossil fuels, the solution is substitution by renewable energies. For 
raw mineral materials, the proposed solution is substitution with bio-materials, 
graphene and systematic recycling for those that have no substitutes. However, 
this solution is partially or definitely unattainable in some critical cases, such as 
the irreversible depletion of phosphates for agriculture or the irrecoverable loss of 
fertile soil. 

For the degradation of air, water and soil by pollution meanwhile, there are many 
preventative technologies already available. They range from end-of-pipe solutions 
to innovative processes and product life cycle design. The problem is that any 
abatement entails additional energy and material consumption which, ironically, 
provokes further depletion. In fact, any cleaning process is a physical exchange 
between one pollution type and another which is considered to be less harmful. 
Therefore, the costs invoked in avoiding their generation should take into account 
these usually unaccounted side effects. Equally important is the protection of land 
use, aesthetics, ecosystems and their services. Here the same costing procedure 
applies. 
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2.5.4 Weak and strong sustainability 


The different existing approaches for natural resource accounting can be classified 
into two basic categories, namely weak sustainability and strong sustainability. 

Weak sustainability is based on adjusting income to take into account the loss 
of mineral capital as in the particular case of the “El-Serafy method” (Sec. 2.5.2). 
Money replaces environmental loss and is partially kept aside as a kind of forwarded 
rent payment to future generations. It allows for the substitution of one type of 
capital for another. 

In contrast, strong sustainability advocates that each form of natural capital 
should be sub-categorised and preserved separately with no possibility of exchange. 
An intermediate case is referred to as “sensible sustainability”, which preserves total 
capital but permits a minimum level of substitution. 

Adopting either a weak or a strong sustainability strategy is not a matter of a 
simple “yes” or “no”. On the contrary, any decision can take into consideration a wide 
range of options and actions. In the weak/strong spectrum, measures range from 
putting aside money for the use of future generations (the weakest form of economic 
sustainability) to investing in large or small environmental defense expenditures - 
planting trees, partially substituting conventional oil for biofuels, carbon capture 
and storage (CCS) technologies or investment in cleaner alternative energies. 

Any decision will inherently entail natural capital expenditure. For instance, 
alternative energies need new raw materials that could be less available than fossil 
fuels themselves such as the huge amounts of phosphates for intensive bioenergy, 
the mass use of rare earths for permanent magnets used in wind energy or gal- 
lium and lithium in photovoltaics and batteries, respectively, as was discussed in 
Chap. 1. Such examples are indicative of how additional mineral capital demand 
is interconnected. Therefore “keeping intact each natural subcategory” a position 
held by strong sustainability is one which is extremely difficult to uphold. This is 
especially the case for minerals, which, as opposed to fossil fuels, are not lost when 
they are used. 

Furthermore, what mainstream accountants like to conserve, 7.e. monetary or 
resource capital, regardless of whether one adopts either weak or strong sustainabil- 
ity, is by no means physically possible for the simple fact that this notion conflicts 
with the Second Law, as will be seen in Chap. 3. This is because whilst it is certain 
that product manufacture increases the entropy of the planet, it is equally certain 
that the process of restoring increases entropy as well! Recycling, for instance, still 
requires great inputs of energy even if it saves some when compared to extraction as 
an alternative. Physics thus states that repairing Nature leads to a greater sacrifice 
of energy and materials than if nothing was done at all. This is an empirical fact, 
not an opinion. Yet many environmentally responsible communities actively choose 
to reduce the loss of natural stocks by for instance recycling materials. They may 
also try to avoid impending catastrophes, keep forests in order to avert soil erosion, 
inhibit aquifer pollution and conserve ecosystems, even if it is done at an additional 
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(and far from negligible) energy cost. That said, the authors do not deny the need 
for “cleaning” nor for the investing in the prevention of further catastrophes. Disor- 
der leads to further disorder. Yet cleaning, even if a preventive action, still requires 
a considerable sacrifice of additional resources. And hence, the paradox still holds. 

From the viewpoint of the Second Law, however, the only radical way to keep 
the natural capital intact is via “no production and therefore no restoration”. As 
this is humanly impossible, the accountants’ maxim of keeping the natural cap- 
ital intact is a fallacy, unless they explicitly account for the somewhat shrouded 
influence of the sun as time goes by!?. Strong sustainability measures are costlier 
today than those of weak sustainability, since the greater the number of restoration 
activities, the higher their energy and material costs!?. Additionally, the current 
economic paradigm is one of converting any asset to its present day value, not only 
in accounting but also in physical terms, 7.e., resources extracted in the future will 
be worth less than those extracted today. It is perhaps little wonder that the “NPV” 
advocates tend to opt for the leaner and frankly cheaper sustainability measures. 

If one were to strictly follow the accountant’s maxim from an entropy law per- 
spective, the ultimate sustainable economic objective of production and restoration 
of biotic natural capital would consist of affecting so weakly the environment that 
the sun alone would restore any environmental deterioration. Regarding minerals, 
the Law dictates that Man should live only with recycled materials and use only 
renewable energy, thereby avoiding any further fuel and non-fuel mineral extrac- 
tion. This is of course an extreme conservationist and today unimaginable stance 
but this reflection allows for a deeper analysis of the suitability of natural capital 
as a concept, which is undertaken in the following section. 


2.5.5 Mineral capital or mineral endowment? 


The accountant’s concept of “keeping capital intact” implies the complete exchange- 
ability between goods and money. Accordingly, monetary capital is used to offset 
any good’s depreciation. At this point, it should be stated that the concept of 
natural capital, whilst comparable, does not fit exactly with the idea of manmade 
capital. In fact, there are important discrepancies. 

Natural capital can be classified into biotic and abiotic. For the former, keeping 
capital intact entails conserving biodiversity, i.e. conserving each and every species 
and their dynamic interrelations. However, whilst one can substitute pork with beef 
or poultry with relatively only minor socioeconomic problems, it is not possible in 
Nature to substitute the same amount of biota in daisies than that in butterflies. 


127f mankind stands back and does nothing, Nature will eventually regenerate with the help of 
the sun’s energy. Yet “her” regeneration timescale is vastly different to that of humans, which can 
be shortened but not without an extensive use of energy (usually a fuel). 

13Even if this is true, it is equally true that measures for repairing Nature are often “preven- 
tive” actions that avoid worse situations in the future. The authors therefore advocate strong 
sustainability measures even if they are costlier today. 
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Hence, natural biodiversity cannot be reduced to an aggregation of assets because 
everything is connected to everything else. At most, biotic capital should be re- 
garded as a single entity and what should be conserved is the entire web of life 
(with all its interlinkages). This is why using the term natural capital to describe 
biotic endowment is at least questionable. 

With regards to abiotic resources, one may think that mineral geodiversity has a 
lower level of interconnections than the biodiversity of ecosystems and thus substi- 
tutability is perfectly possible. Yet when minerals enter the technosphere and are 
converted into goods, the “chemodiversity” radically increases, meaning that any 
substitution of one type with another is in many cases restricted. Present techno- 
logy is using almost all the elements of the periodic table; and far from reducing 
their use, new applications appear incessantly, thus hampering the possibilities of 
substitution. There is no “Second Iron Age ahead” as Skinner (1976) proposed be- 
cause there are so many metals and minerals used in today’s industry that alloys 
of the most common metals such as Fe, Al, Ti, Mg, etc. can simply not replace the 
immense number of electronic and chemical applications that new technologies are 
continuously driving. As a matter of fact, the current Age could be named “The 
Age of the Periodic Table”. 

Additionally and somewhat ill-advisedly, non-renewable resources are always 
used by society to restore ecosystems. The contrary never occurs. Using the words 
of an accountant, non-renewable capital is used to renew ecosystem capital. The 
former, in the form of minerals, is not only finite and irreplaceable but also unde- 
termined and undervalued. The perceived degree of substitutability greatly affects 
how different natural resources are evaluated. Nature shows different degrees of re- 
coverability and replaceability which humankind judges according to its own values. 
Minerals are typically considered to be less valuable than biotic materials even if the 
latter can be, albeit slowly, restored. The overriding mentality is that ecosystems 
are subject to irrevocable death whilst minerals are not. Living entities cannot be 
resurrected and minerals don’t die, they are “only” irreversibly dispersed. Further- 
more, with sufficient energy they could, theoretically, be recovered once again. 

Yet in practical terms, mineral capital is non-restorable; as even if materials do 
not disappear they degrade into lower quality substances. Irreversible depletion is 
a main feature of mineral capital and as such, society is confronted by the choice 
between present and future satisfaction (Gray, 1913). 

From the above, one can state that the term “mineral capital” and its related 
accountant’s axiom of keeping it intact is conceptually incorrect. This is because 
mineral capital always depreciates and geodiversity (which would allow for the ex- 
changeability among minerals) is hampered by chemodiversity. As such it is more 
correct to use “mineral endowment” instead of “mineral capital”. However, the latter 
is so widely spread, that even the authors use it as a synonym for the former. 

In conclusion, the aforementioned ideas together with additional reflections that 
invalidate the concept of natural capital as an analogy for its manmade counterpart 
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are summarised as follows: 


e First, natural capital is hardly reproducible. Manmade restoring activities help 
to increase it relatively speaking but Nature reproduces autonomously with its 
growth depending on regeneration times. 

e Second, Nature is a dynamic ecological system and not a non-interactive aggre- 
gation of assets. It is impossible to predict the positive or negative effects in 
time and space of all human impacts. Furthermore, ignorance and uncertainty, 
two key factors in any assessment of effects, cannot be readily quantified. 

e Third, the associated concept of “keeping natural capital constant” cannot be 
supported. A number of human activities involving renewable resources are 
irrecoverable and non-renewable resources, which are dispersed and exhausted, 
can hardly be replaced by Man. Substitution among minerals is hampered by 
growing chemodiversity induced by technological development. 

e Fourth, contrary to capital goods that need continual investment, as they wear 
out or become obsolete, the value of natural resources remains priceless until 
entering the market. It never depreciates per se and is not subject to obsoles- 
cence. And as long as they remain as such, there will always be the opportunity 
that future technologies could take advantage of the once overlooked resource 
as was the case with zinc in Australia (Sec. 13.3.6). 

e Sixth, money cannot adequately evaluate natural capital, since it is subject to 
societal values that change over time. 

e Seventh, the environment, although unquantifiable is finite, since some services 
are provided by yet unknown interactions rather than a one-on-one cause-effect. 
No one really knows how much natural capital exists on Earth, only that it is 
in fact deteriorating. 


2.6 The natural scientists’ view 


As noted earlier, economists try to find the physical extent of a resource and then 
convert it into monetary units. Converting all physical accounts into such terms has 
the advantage of permitting a single unit measure with which to add and compare 
different assets. The problem of doing so stems from the assigning of “fair” prices 
to different environmental functions and impacts. 

Natural scientists, in contrast, have proposed indicators and environmental as- 
sessment methodologies that do not require any form of cash conversion. Natural 
capital is valuable in and of its own right and can hardly be incorporated as physical 
satellite data in the System of National Accounts. As Smith (2004) states: 


“Measurement of irreplaceable environmental assets is best undertaken in physical 
terms. A monetary valuation is not necessary since they [natural capital] are 
not substitutable by other forms of capital and, therefore, there is no reason to 
directly compare stocks of these assets with stocks of produced or human capital 
assets. Stocks of irreplaceable natural capital assets must be evaluated in and of 
themselves.” 
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In what follows some prominent methodologies are described!* It should be 
stated that the Life Cycle Assessment is not described here but in Chap. 4, since it 
is in fact a general accounting methodology of physical processes customisable for 
most of indicators. 


2.6.1 Material input per unit of service 


Schmidt-Bleek (1993, 1994) proposes “the material input per unit of service, MIPS”, 
defined as “all materials moved in order to produce a good or a service from cradle 
to grave.” He distinguish between direct and indirect or hidden material flows. The 
first relates to a production of a good or service. Hidden flows refer to materi- 
als removed or consumed in the form of water and energy used to produce direct 
materials. MIPS is measured in kg or in tonnes of material input. It does not 
discriminate in terms of quality. To address that problem and for reasons of scale, 
the method proposes a grouping of material inputs into five categories immiscible 
with each other: biotic and abiotic materials, earth movements, water and air. 

The idea stems from the realisation that the “material rucksack” of market goods 
is enormous. According to Schmidt-Bleek more than 95% of materials needed to 
finish a product are converted into wastes and less than 1% of the total resource 
flow are recycled. Undoubtedly, any economy based on those figures is desper- 
ately inefficient in the use of resources. Therefore Schmidt-Bleek emphasises the 
need for dematerialisation in the modern western lifestyle and proposes a radical 
increase in resource productivity. Factor 10 is a subsequent claim and is based 
on reducing material inputs to the economy from the biosphere by a factor of ten 
(Schmidt-Bleek, 2008). He promotes the stimulation of recycling, re-use, eco-design, 
robustness, energy integration and industrial ecology in general, so as to improve 
material productivity on a cradle-to-grave basis!. 

MIPS is an easy to understand indicator and fits well with its originating idea. It 
is however a crude one since it adds different types of masses together. Additional 
drawbacks are the following: it is not sensitive to contamination through heavy 
metals, radioactive materials and persistent organic compounds; it does not account 
for irreversibilities like material dispersion and depletion, nor mixing processes. It 
therefore does not give sufficient clues in order to identify and prioritise actions 
that would avoid Nature’s depletion and degradation. In particular, the remaining 
mineral endowment or the environmental impact of mining and refining operations, 
except for the tonnes of materials removed and processed are inconsequential. 


14This analysis is necessarily biased since the authors critically look at which indica- 
tors/methodologies could assess the mineral capital on Earth. They do not consider them in 
light of the function for which they were specifically developed (see also Sec. 3.3.3 for further 
discussion). 

15See also Spangenberg et al. (1994) and Bringezu (1997). 
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2.6.2 Ecological footprint 


Another very important sustainability indicator is the well-known ecological foot- 
print. It represents “the amount of biologically productive land and sea area nec- 
essary to supply the resources a human population consumes and to assimilate 
associated waste” (Wackernagel and Rees, 1996). It has been used as a standard- 
ised measure of demand for natural capital. The calculation consists of converting 
equivalent global hectares to the direct and indirect consumption of energy, biomass, 
building materials, water and other resources on a population basis. Proponents 
estimate that the Earth provides 1.9 hectares of bioproductive space per world in- 
habitant. For 2012, humanity’s total ecological footprint was estimated at 1.5 planet 
Earths!°, 

It should be stressed that the environmental impact on mining is hardly measur- 
able with biologically productive area and this indicator is consequently insensitive 
to depletion problems. Therefore, whilst it explains well the demand for the regen- 
erative capacity of biotic systems, it provides insufficient information when dealing 
with abiotic ones. 


2.6.3 Energy/exergy indicators 


Throughout the chapter the reader has seen that money, mass and land can be used 
as indicators for sustainability. They are easy to understand and each has its distinct 
advantages and drawbacks when evaluating different environmental impacts. 

Energy indicators have also played an important role in this endeavour. Any 
form of material manifestation can be measured in energy units. Joules, kWh or 
tonnes of oil equivalent are all equally valid. Energy is a thermodynamic property 
that whilst not so easy to understand is more scientifically precise: it is measurable, 
additive and universal. 

However, as will be seen in the next chapter, energy does not distinguish quality 
but quantity. When energy indicators make reference to energy, they are in reality 
referring to exergy, which is another, as equally precise, thermodynamic property. 
Energy and exergy coincide in numerical values in an important number of cases: 
electromagnetic and mechanical energies and in practice fossil fuels. However, when 
dealing with heat, chemical substances and irreversible phenomena like mixing, 
throttling or chemical reactions, the exergy calculation differs greatly and becomes 
more complex. Fortunately, in most cases, the orders of magnitude coincide. 

A selection of the most prominent energy indicators are explained next. As 
regards to the exergy counterparts, they are only briefly explained, since Chap. 3 
is entirely devoted to their description. 


16See http : //www.footprintnetwork.org. Accessed July 2013. 
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2.6.3.1 Embodied energy 


Embodied energy is the energy needed to manufacture a product or provide a ser- 
vice along an entire product life-cycle. It was first proposed by Hannon (1973) and 
has since been widely used by ecological economists. Originally, the concept was 
obtained as an outcome of the Input-Output theory (Leontief, 1951), in which every 
member of an ecosystem depends on each other and is described in terms of the di- 
rect and indirect energy needed to maintain the whole. Currently, embodied energy 
is an accounting methodology fully incorporated into the majority of commercial 
Life Cycle Assessments (LCA) software!’. The weakness of the methodology is the 
lack of accounting rules for allocating energy inputs among co-products, by-products 
and wastes, resulting in a wide range of subjective embodied energy values for any 
given material. There is also no international consensus because it lacks thermody- 
namic fundamentals. However, for many aggregated systems, the embodied energy 
analysis provides valuable results. 


2.6.3.2 Emergy 


H.T. Odum was a recognised biologist that centred his work on environmental 
accounting and ecosystems behaviour. He proposed Emergy as a concept to express 
the amount of direct and indirect solar energy needed to produce any product 
or service. Emergy analysis has been applied to evaluate systems as complex as 
ecosystem services and questions relating to policy, agriculture, urban planning and 
urban development (Odum, 1976, 1983, 1995b). 

The unit of measure is the solar emergy joule (sej) or “emjoules”. To derive the 
solar emergy of a resource or commodity, it is necessary to trace back through all 
the resources, including energy, that were used to produce it and express them in 
the equivalent amount of solar energy that went into their production (Brown and 
Herendeen, 1996). The solar emergy per unit product or output flow is called “solar 
transformity”, with units of seJ/J. Solar transformities have to be obtained for 
each commodity individually. Subsequently, they cannot be considered universal, 
as the processes involved in the formation of the commodities differ, depending on 
the period of time and place considered. 

One of its fundamental concepts is the maximum empower principle. It is stated 
as “systems that will prevail in competition with others, develop the most useful 
work with inflowing emergy sources by reinforcing productive processes and over- 
coming limitations through system organisation”. 

Ultimately, its proponents claim that emergy is in fact exergy (see Sec. 3.2.3 
for more details) and emergy analysis can therefore be used to account for a given 
product in one type of energy quality or another, thus permitting a move away from 
“emjoules”. But there are significant dissimilarities: a) the balance of emergy for 
a given system is not the irreversibility produced and b) the way the methodology 


17See for instance the pioneering work of Boustead and Hancock (1979). 
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allocates emergy among co-products is not conservative, z.e. the emergy inflow can 
be allocated concurrently to all outflows. That said, emergy does address eco-centric 
problems that other methodologies are unable to and deserves merit especially for 
ecosystem analysis (Sciubba, 2010). Furthermore, the emergy analysis has two 
fundamental capabilities that the authors think are required as a scarcity indicator: 
1) it is based on the resource’s physical characteristics and 2) all resources are 
measured with a single unit. 

Generally, emergy analysis can be successfully applied for renewable resources. 
However, the applicability of this approach is questionable for those mineral re- 
sources, where the sun has not played a central role in their creation. For no matter 
how much solar energy is received from the sun, the quantity of gold or iron for 
instance on Earth, will not change. 


2.6.3.3 Heat equivalent of noxious substances 


Kiimmel and Schiissler (1991) propose the “heat equivalent of noxious substances” as 
the waste heat generated in pollution control processes. The idea is that any chemi- 
cal contaminant is worse than waste heat, since it is dissipated into the atmosphere 
and ultimately into the universe. Therefore, converting any contamination into heat 
would be better than dispersing it. In this way, the “heat equivalent” can be used 
as an aggregate pollution index in economic modelling. 

However, if one actually eliminates a noxious substance with fossil fuels, what 
one effectively does is translate the polluting effect from one pollutant to another 
type and thus the problem is not solved in reality. It is only solved in the accounting 
system. A further consideration is that the combustion of fossil fuels not only 
produces heat but also involves GHG emissions that affect the climate. 


2.6.3.4 Exergy based methods 


Generally, the studies based on exergy and natural resources are focused on cal- 
culating the amount of exergy required for the production of a certain commodity. 
Probably, the best known is the thermo-ecological cost analysis proposed by Szargut 
et al. (Szargut et al., 1988, 2002; Stanek, 2004). The thermo-ecological cost analysis 
accounts for the cumulative consumption of non-renewable exergy connected with 
the fabrication of a particular product including the additional exergy consump- 
tion needed for the compensation of environmental losses caused by the disposal of 
harmful substances to the environment. The thermoecological cost is based on the 
cummulative exergy consumption (Szargut and Morris, 1987) which is essentially 
the same concept of the exergy cost by Valero et al. (1986), explained in Sec. 3.3.2. 

A similar approach is also used by Ayres et al. (2006) who applied the exergy con- 
cept to accounting for the materials and energy use and waste residuals of five basic 
metal industries in the U.S. This allowed for the comparison of systems on a com- 
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mon basis, the identification of major loss streams that correspond to inefficiencies 
and subsequently led to the first evaluation of their environmental burden. 

Other exergy-based approaches are for instance those from Sciubba (2003), Con- 
nelly and Coshland (2001) or Cornelissen and Hirs (2002). Sciubba (2003) extended 
Szargut’s theory, to include non-energy quantities like capital, labour and environ- 
mental impact in the calculation. Connelly and Coshland (2001) discussed the ties 
between exergy and industrial ecology and proposed exergy-based definitions and 
methods for addressing resource depletion. Cornelissen and Hirs (2002) applied 
the exergy analysis to the LCA methodology and proposed the exergetic life cycle 
assessment. All these approaches provide very useful information for process opti- 
misation, as they obtain the exergy costs of production, thereby identifying sources 
where energy, materials and harmful emissions can be reduced. 


2.6.4 Energy, land and time indicators: a relationship? 


The reader has now seen a fair number of physical indicators that propose a yard- 
stick or numéraire for accounting purposes and a series of rules and equivalences 
to convert their units into the different environmental impacts. Some questions do 
still remain: is there some equivalence among these numéraires? Is one numéraire 
more relevant than another or even all the others, when it comes to dealing with 
environmental problems? How does one add together, using the same units, the 
annual rate of Amazonia deforestation, desertification and subsequently the loss 
of land for agriculture, natural gas, oil and coal consumption, C'O2 or ozone layer 
problems, urban sprawl, etc? 

An obvious observation is that environmental problems occur on an Earth, which 
has a finite capacity but is daily and timely bathed with sunlight (and thus possesses 
some generative capacity). 

The sun during 4.5 billion years through the solar constant, 1,367 W/m?, 4.921 
MJ/m?/h or 118.1 MJ/m?/day actually represents the global energy cost of life on 
Earth. This stable energy flux never lacked during the Earth’s history and made its 
conversion into Gaia (Lovelock, 1972), a living planet, possible. Since only a small 
part of this energy is converted via photosynthesis into biomass, the gross primary 
production of the biosphere and its distribution among the principal ecosystems may 
be used as an in-surface unit conversion. Such data are provided by many sources. 
For instance, Odum (1959) provides the approximate gross primary production of 
the biosphere (on annual basis) as 8.4 MJ/m?/year or 0.023 MJ/m?/day. In 
this way, Nature can be imagined as an energy converting machine with a very low 
efficiency because the average energy unit cost for producing biomass is 118.1/0.023 
= 5,155. Or in other words, Nature needs 5,155 kWh of solar energy in average for 
producing 1 kWh of biomass energy. 

By using the solar constant one can calculate how much solar energy was needed 
to create natural diversity upon the whole Earth’s surface (1.27 x 10° km? of max- 


58 Thanatia: The Destiny of the Earth’s Mineral Resources 


imum circle). If the solar radiation incident on the top of the Earth’s atmosphere 
is 1.74 x 10!” W, in fact, life on Earth received each second 1.74 x 10!” J. Hence, 
an anthropic energy/time universal equivalence is proposed as: 


1s =1.74x 10777 (2:2) 


Time hence becomes energy-on-Earth and energy per unit surface of Earth can 
be converted into time through this constant. Ultimately, “Time may be the uni- 
versal measure of natural resources” (Valero, 1995). 

On the other hand, Giampietro and Pimentel (1991) consider that fossil fuels and 
fertilisers represent a bonus of space-time for society. They propose that 1000 kcal 
of energy derived from fossil fuel equals 0.7 m?/yr of biosphere space-time activity 
(0.016 MJ/m?/day). Equally, 1 kg of nitrogen chemically produced fertiliser is 
equivalent to 823 m/yr of biosphere space-time activity. 

That is to say, natural productivity indices relate the natural energy cost of 
producing something within the space required in a time unit. Hence, land, energy 
and time can be theoretically interconverted through these indices. Accordingly, all 
natural processes can be eventually converted into time units by simply dividing an 
accumulated energy density [E]/[L?] by a natural productivity [E]/[L7]/|t] as shown 
in Eq. (2.2). Furthermore, all artificial processes can also be converted into time by 
dividing power into energy. The time needed to manufacture products can then be 
calculated as the time to produce resources plus the residence time of the process. 
This can be done because spent time is additive. 

In real world systems, the direction of time is perceived as an irreversible increase 
of entropy or exergy destruction. Therefore, one can construct time balance-sheets 
in the same way as one does for exergy or money. There is no reason for excluding 
such units. Knowledge, culture and civilisation have all been obtained at the cost 
of natural resources which required time, space and energy to be produced. 

Time is the most limited resource one has, as one only has one life to live. The 
only manner to save “time” is via an improvement in efficiency, conservation and 
an increasing use of renewable resources. A finite world with finite natural capital 
and a deadly slow replacement speed needs more time. This fact must in turn be 
demonstrated by accounting tools so that mankind collectively, its governments, 
corporations and individuals become increasingly conscious of the fact that time is 
being lost. Ironically, the faster humankind move, the more (accumulated planetary) 
time is lost. 

Yet time as a unit of measure provides more a philosophical message than a 
practical one. Its use as an accounting magnitude is complex and would require 
much more in-depth development. Therefore, the authors proposal is to resort to 
the exergy indicator, which provides an objective and integrated measure of the 
quality of resources and can be easily incorporated into the realm of Economics 
through the Thermoeconomics approach as explained next. 
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2.6.5 Thermoeconomics 


Thermoeconomics is a general theory solidly rooted in the Second Law (see Chap. 3). 
In its widest possible sense it is the science which connects Thermodynamics with 
Economics (Valero, 1998). It is located in the spectral transition between cost as 
a physical and measurable destruction of resources and cost as an analytical ac- 
counting technique of the direct and indirect monetary flows needed to produce a 
specific product or service. Thermoeconomics has thus an integrating and explana- 
tory function. It integrates all the methodologies of energy analysis under the scope 
of Thermodynamics and general systems theory whilst also serving to clarify the 
rules for “sustainability” accountancy. Arguably, Thermoeconomics encompasses 
(with objections) some of the above mentioned indicators such as mass, energy, 
embodied energy, emergy, entropy, exergy and cumulative exergy consumption. 

It provides answers based on the logical application of the Second Law in the 
search for cause-effect relations and chains of causality. This connects well with 
the mathematical apparatus of the Input-Ouput theory of Leontief (1951, 1970), 
commonly used in conventional economic analysis. It explains the physical bases of 
cost, unifying it with the physical processes within which the sacrifice of physical re- 
sources is located, causalised and quantified in terms of thermodynamic irreversibil- 
ity. Given that irreversibility can only be measured with the Second Law and that 
the valuation property most widely used in calculations is exergy, Thermoeconomics 
is also known as exergoeconomics (Tsatsaronis and Winhold, 1985). 

The details of Thermoeconomics are explained in Chap. 3, as is the methodology 
used in this book for accounting the degradation of the mineral endowment on 
Earth. 


2.7 Summary of the chapter 


In this chapter, a review of the contribution of economists, accountants and natural 
scientists regarding depletion of natural capital has been undertaken. 

The concept of natural capital is derived from its economic counterpart, as it is 
a means to value the services that Nature offers. Mineral capital, the focus of this 
book, forms part of the non-renewable sub-category and includes all minerals, fossil 
fuels and industrial rocks of economic value. Natural capital as a concept and an 
assessment of its degradation is understood differently by each school of thought. 
Viewpoints range from a complete denial of depletion and an unyielding confidence 
in future substituting options, to the belief that exhaustion of natural resources 
(and subsequently its prevention) should be at the heart of economic theory. 

Neoclassical economists believe that the Earth represents nothing more than 
resources to be used. Eventually the free market will ultimately lead to a natural 
order of things and avoid resource depletion. 

The school of environmental economists have developed methods to evaluate 
the economic effect of using natural resources to support economic activities. They 
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convert physical assets and impacts on ecosystems into monetary accounts which 
are added to or detracted from the aggregated accounts and finally to the GDP. 

As opposed to environmental economists, ecological economists claim that the 
economy must be embedded in the ecological realm. They essentially advocate for 
an economy that avoids growth based on natural capital exhaustion. 

This chapter has also analysed the different approaches used to account natural 
capital and its depletion. It has been seen that the System of Environmental and 
Economic Accounts (SEEA) of the United Nations is an accounting structure based 
on the System of National Accounts that integrates environmental and economic 
statistics. Even if it is not free of weak points (it is based on market prices, for 
example), it constitutes an impressive initiative which attempts to organise infor- 
mation regarding Man-Nature interactions, in a rational and global way. 

In taking Nature into account, one aims to sustain the environment that sup- 
ports Man and in doing so realises that money is not everything. With money one 
can only reimburse people, not Nature. Therefore, it is important to define what 
sustainability really means. 

According to “El-Serafy” approach (weak sustainability), national accounts 
should correct income by including the so called “user cost” to sustain prosperity for 
compensating resource depletion and for assuming any unplanned environmental re- 
mediation. Alternatively, the Hotelling method (framed under strong sustainability) 
proposes to transform the National Income indicator into a Sustainable National 
Income, by discounting every aspect of the degradation and the depletion of natural 
resources caused by economic development. 

The last part of the chapter explains the view of natural and physical scientists. 
From a physical sciences perspective, money should not be the unit of measure 
for natural resource accounting, even if it allows for comparison among different 
environmental assets and is capable of aggregating them. This is because a monetary 
based analysis is a subjective way of assessing environmental functions which would 
be better carried out through physical and universal units. 

Subsequently, a fair number of physical indicators have been identified. Partic- 
ularly, the MIPS (material input per unit of service) quantifies all materials used in 
order to produce a good or a service from cradle to grave. The ecological footprint 
is used for evaluating the amount of biologically productive land and sea area nec- 
essary to supply the resources a human population consumes and to assimilate the 
associated waste. In the embodied energy concept, the energy needed to manufac- 
ture a product or provide a service along the entire product life-cycle is calculated. 
The emergy indicator, meanwhile, tries to express the amount of direct and indirect 
solar energy needed to produce any product or service. 

The physical indicator selected by the authors for accounting the mineral en- 
dowment on Earth in this book is “exergy”. This property is based on the Second 
Law and is a measure of the quality of systems. Exergy is quantified in energy 
units and accounts for all physical properties that characterise any resource. As 


Economic versus Thermodynamic Accounting 61 


with money, everything is assessed in a single unit of measure and it has an aggre- 
gation/dissagregation capacity. It is therefore perfectly suitable for use in global 
assessments. If exergy is the unit of measure, the methodology used for abiotic 
resource accounting is framed under the novel discipline Thermoeconomics. The 
latter makes use of the Input/Output structure commonly applied in Economics for 
obtaining the physical costs of systems. 

An explanation of the fundamentals of exergy and thermoeconomic analysis and 
how these can be used for assessing the mineral endowment on Earth is the aim of 
the next chapter. 
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Chapter 3 


From Thermodynamics to Economics and 
Ecology 


3.1 Introduction 


This chapter is devoted to explain in detail the fundamentals used in this book for 
sustainable accounting practices. Specifically, it introduces the First and Second 
Law of Thermodynamics, together with the concepts of exergy and irreversibility. 
The latter lends itself to the concept of physical cost and connects the study of 
Thermodynamics with that of Economics. The scientific field which has arisen from 
the link between the two is known as Thermoeconomics as the reader has seen in 
the previous chapter. This theory is able to quantitatively contribute to decision 
making in order to achieve a detailed ecological, economic or energy feedback from 
any analysed system. 

A special application of Thermoeconomics, namely Physical Geonomics, is also 
introduced. This branch is predominantly concerned with the evaluation of mineral 
resources from a Second Law perspective and it is this approach that will be used 
in this book to assess the evolution of the mineral endowment on Earth. 


3.2 Second Law: the link between Physics and Economics 


3.2.1 The First Law 


Equilibrium is death. Classical Thermodynamics describes processes between equi- 
librium states of systems. A physical state can only reach equilibrium if it is limited 
by walls or constraints. A rigid wall will prevent a pressure change. An adiabatic 
one will keep temperature constant. An impermeable, will ensure that the system 
does not react with its environment. For each type of wall, an intensive property 
can be associated, which will remain constant as long as it doesn’t break down. 
Pressure, temperature and chemical potential are intensive magnitudes, 7.e., pro- 
perties independent of the size of the system considered. There are many more 
types of walls or constraints, such as electric or magnetic where electrical insulation 
is associated with electric force and magnetic insulation to the magnetic field. 
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In order to break a system’s equilibrium work needs to be done. In Physics, Work 
is defined as force multiplied by displacement, which is expressed as OW = Fdz. 
Force and the displacement caused can be generalised. In this way, a changing 
volume is associated to mechanical pressure, charge with electric force and mag- 
netisation to the magnetic field. Pressure, electric force and the magnetic field are 
all intensive properties. Their conjugated variables volume, charge and magnetisa- 
tion are extensive properties, 7.e. they are dependent on the size of the system. 

When systems are surrounded by a thermal insulating (adiabatic) cover, the 
quantity of adiabatic work required to move them from one equilibrium state to 
another is independent of how and which type of work has been (or is being) done. 
This is an experimental fact. The initial and final states are what really matter. 
This is a transcendental fact in Physics and constitutes the First Law of Thermody- 
namics, since if the work done is path independent, there is a property that depends 
only on the state of the system. This property is what is known as energy, denoted 
U and shares the same units as work. So what happens if the work done to a system 
is not adiabatical? Then the work is no longer equal to the energy variation and 
Eq. (3.1) applies. Let’s call Q the difference: 


Q=U;-U;-W (3.1) 


Q is a type of energy, just like work. It only appears as long as the system is 
evolving, since at the initial and final states, only U; and Uy exist. Moreover it is 
only present when the adiabatic cover is removed. The intensive property associated 
with the adiabatic wall is temperature. Therefore, Q is closely related to a change 
in temperature and coincides with the intuitive concept of heat. 

Given that work and heat are both manifestations of energy, arguably there is 
no need to assign different units for heat, say calories, and for work, say Joules. 
But equivalence in units does not mean equivalence in size. In fact, assimilating 
that work and heat are manifestations of energy in movement may be easy to 
accept but difficult to understand. Whilst a calorie is a really small amount of heat, 
namely that needed to warm a gram of water by one degree centigrade, it is also the 
kinetic energy of that same mass at 327 km/h! Hence, small fluctuations in system 
temperatures result in considerable energy expenditures. A Joule is often perceived 
to be something larger: a kilogram mass at an acceleration of one metre per squared 
second, performed along one metre. And yet this energy is equivalent to only 
0.24 calories, which is to many almost imperceptible. This issue of perception has 
important consequences when one tries to understand the true nature of energy: this 
is because the senses, which are relatively sensitive to minor variations in mechanical 
energy, through touching or hearing (sound) for example, serve to mislead. 

In a closed system, heat’s most impressive aspect is that it is the only mani- 
festation of energy in movement apart from work. As there are no other types of 
energy that share such characteristics, should the walls of a system breakdown, the 
system will either do work or it will absorb or release heat or both simultaneously, 
until it reinstates itself at equilibrium with a subsequently new set of surrounding 
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walls. Meanwhile, in an open system, its energy will be the sum of all work done, 
heat absorbed or released and energy variations (due to the transfer of matter). 
Once aware of the energy balance, one can save on measurements. If one wants to 
assess the energy of what goes in and what goes out in an open system, only those 
flows which are easy to obtain need to be measured, as the most difficult one will be 
calculated by closing the balance, as stipulated by the First Law. The evolution of 
science, technology and industry throughout the 20th century are indebted to this 
Law, mainly because it is an equality equation. 

In short, energy can neither be created, nor destroyed. It can only be trans- 
formed. This is in effect the Law of Conservation of Energy, or the First Law of 
Thermodynamics which many find familiar. 


3.2.2 The Second Law 


As seen above, for work a relationship exists between an intensive property and 
its conjugated extensive property, e.g. expansion work is equal to pressure times 
volume change. Heat equally has an associated intensive property: temperature. 
Hence, its extensive conjugated property can be defined as: 


_ 9 
Me 
This property is known as Entropy. Whilst entropy does not appear to have 


ds (3.2) 


anything particularly impressive about it, other than being the conjugated pro- 
perty of temperature, it has a fundamental role in Nature and the continuation of 
life. Entropy, like energy, is a state function and can be obtained by knowing the 
intensive properties of a system, 7.e., pressure, temperature and composition. The 
fundamental idea behind it is that everything degrades or becomes dispersed. 

So how does entropy relate to degradation? Unlike humans, Nature is not pur- 
poseful in its actions. Man designs machines for domesticating “her” forces and 
attempts to convert them into useful effects, as is the case of pumps used to revert 
the natural flow. Left alone, sooner or later fluids will stop flowing, warm bodies 
will get colder, pure substances will become impure. Everything will degrade spon- 
taneously. Degradation may thus be controlled and slowed to a certain extent but 
in the long run it cannot be avoided. This is an experimental fact and constitutes 
the Second Law of Thermodynamics. 

So if everything degrades yet energy is conserved, one is forced to admit that 
there are some forms of energy which are more useful and less degraded than oth- 
ers. During the act of tightening a screw on a wall, the screw becomes warm. That 
warmth cannot be used to restore the wall to its initial state. Mechanical energy 
has been exchanged for thermal energy and with time the screw will have, during 
the cooling process, contributed a little to the heating up of the surrounding envi- 
ronment. The mechanical energy applied to the screw came from food. One has 
simply converted food’s chemical energy into an insignificant heating of the atmos- 
phere, a screw on the wall and waste. It is thus a given fact that any form of noble 
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energy (high quality energy), will eventually degrade into heat at the lowest possible 
temperature. All other types of energy will arrive at this point sooner or later. 

This is why the Second Law is so devastating, since it truly announces dissipa- 
tion. Thermodynamics does not state when this will happen but does guarantee 
that it will happen. It is an empirical fact. Expressing this principle in a mathe- 
matical way is very simple. If an amount of heat, Q flows spontaneously from hot 
bodies (T) to cold ones (To), with T > To, then 


2))(2) eo 


Having understood this, it becomes easier to link degradation to entropy. The 
cold body has gained more entropy than the hot body has lost. The difference 
becomes greater as the temperature range between the two increases. This phe- 
nomenon is referred to as generated entropy (c) and increases with the degradation 
of energy quality. Since all bodies tend to irreversibly dissipate their energy in form 
of heat until reaching the temperature of their surroundings, entropy will always 
be generated. Only in the best possible case, known as the reversible process, is 
entropy generation zero. In any process undertaken by a system, its entropy and 
that of the surrounding environment will increase or, in the best case scenario will 
remain constant. In a mathematical way the Second Law can be expressed as: 


ASuniverse > 0; with ASuniverse = AS system an AS surroundings (3.4) 


With the above explanations, it is easier to understand what ecological 
economists refer to when they use the terms “high entropy” or “low entropy” to 
describe the world around them. Low entropy examples include natural feedstock, 
fossil fuels, food, wood, a lake or even the sun. A fossil fuel spontaneously reacts 
with oxygen in the air and its energy is transformed into heat. Food is metabolised 
in a controlled combustion reaction, maintaining body temperature constant and 
providing energy to meet its needs. Later that same energy dissipates and heats the 
environment. Thermal energy is an unimaginably huge energy drain. This simple 
fact allows for a better understanding of Nature. 

These ideas bring another reflection: entropy production or destruction does 
not always hold negative consequences as seen in the beauty of a river’s waterfalls. 
Nature does not attempt to restrict the Second Law machine. On the contrary, 
Man by installing a hydraulic turbine avoids entropy generation but at the cost of 
the river’s aesthetics. 

It is worth noting that the greatest entropy production taking place on Earth is 
not due to anthropogenic activity but rather it is solar in origin. The sun radiates 
heat towards the Earth, which is at an average temperature of around 288 K, at 
approximately 5,700 K (i.e., the sun’s energy is 95% pure exergy). In turn, the 
Earth sends this energy back to space at about 2 K, meaning that the Earth’s 
net energy balance is almost zero. Waves, winds, the formation of clouds, and 
the heating of the Earth are only intermediate manifestations of that dissipation. 
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Perhaps surprisingly only 0.023% of the entire solar energy is stored in the form 
of biomass. Yet with this tiniest of amounts, the Earth has been able throughout 
time to steadily store all the fossil fuels that people have burnt in the last few 
generations. This gives thermodynamic hopes to Man’s future, since avoiding a 
small part of that degradation, 7.e. in using technology that could take advantage 
of solar energy in all its forms, Man could stop or at least slow down the depletion 
of “his” planet. 

When one speaks about conserving Nature, it often infers a conservation of 
all of the natural energy dissipation processes including rivers full of freshwater 
irreversibly mixing with seawater in estuaries, air flows cooling warm areas and 
even tectonic activity occurring with some frequency. Maintaining the delicate 
equilibrium of life cycles and planet diversity is something rather more subtle than 
performing mere entropic balances. However, the Second Law is present in all 
natural processes and when analysing why they occur, Second Law-thinking helps. 
Ironically, it is life whilst appearing completely anti-entropic, not death, which 
dissipates energy. Societies, as living entities, behave similarly. It is important 
to clearly understand this phenomenon if humankind as a mere instrument of the 
Second Law is ever going to decelerate the passing of time. Only intelligence through 
a good housekeeping will prolong life. Equilibrium is death. 


3.2.3 Exergy and the Snow White myth 


A key contribution of Carnot was to notice that the driving force of thermal engines 
was based on temperature differences. This is analogous to the hydraulic turbine 
whose ability to produce work is dependent on differences in height. Similarly, in 
the case of thermal engines, thermal energy can only be converted into mechanical 
work, if a lower ambient temperature than that of the system is available. Where 
such a difference exists, heat flows from T to To and thus the work obtained can be 
calculated as W = Q(T) — Qo(To). 

That said, no matter how ideal a thermal engine, it is not possible to convert all 
the heating power of a fuel into mechanical work i.e. W 4 Q(T). In the same way 
one cannot obtain W = mgZ from the hydraulic turbine but W = mgZ — mgZp. 
This was an important discovery that changed the course of science forever. 

The ratio between what is gained (product) and what is sacrificed (fuel) is 
known as efficiency 7. In the case of the thermal engine this equation becomes 
n = W/Q = (Q— Qo)/Q. Even in the very best scenario where no frictions or heat 
losses occur, this efficiency never equates to a hundred percent. However should 
no irreversibilities take place, the entropy generation is zero and Q/T = Qo/To, so 
that the efficiency becomes: 


n = W/Q = (Q — Qo)/Q = 1-— Qo/Q = 1-— T/T (3.5) 


This expression is also known as the Carnot factor, and represents the maximum 
efficiency that can be reached by a heat flux flowing reversibly between two given 
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temperatures. The maximum work reached under these conditions will then be: 
Wmaz = Qi a To/T) (3.6) 


This expression is very important because it allows for the making of analogies. 
Going back to the hydraulic turbine, it can be said that the maximum mechanical 
work of a water flow at elevation Z with respect to Zo is Winaz = mg(Z — Zo). 
This magnitude is known as the potential energy of a mass flow relative to Zo. In 
the same way, one could identify the term Q(1 — To/T) as the potential energy for 
doing mechanical work that a heat flow has at temperature T' with respect to the 
base temperature Tp. This magnitude was coined Exergy by the Yugoslavian Zoran 
Rant in 1956, here denoted! by B. 

The exergy concept (formerly referred to as availability) is attributed to Gibbs 
and Maxwell, for their respective work in the last quarter of the 19th century. Ne- 
vertheless it was at Rant’s suggesting of the word “exergy” that the property became 
popular among engineering thermodynamicists and boosted the use of Second Law 
analysis in the teaching, design and improvement of energy systems. A plethora 
of contributors, particularly in Europe, independently developed the ideas behind 
this property. Relevant authors include Baehr, Bosnjakovich, Brodiansky, Gaggioli, 
Gyftopoulos, Le Goff, Szargut and Kotas. 

Once a reference condition(s)? denoted by 0, is set, exergy is converted into an 
absolute and generalisable property. The kinetic, potential, electric and magnetic 
exergies are equal to their respective energies. The chemical exergy of a substance 
is close to its Gibbs free energy, which is normally tabulated. The chemical exergy 
of fossil fuels is close to its High Heating Value (HHV). Only exergy presents a less 
usual form when heat flows are considered, since, as seen before, it depends on the 
temperature 7p towards which heat is transferred. 


Bo = Q(1— T/T) (3.7) 


If thermal energy were not the most common and degraded energy form, chang- 
ing the name energy into exergy would not make sense, as it is arguably more 
difficult for the reader to understand the Second Law than the First. This can be 
understood through a simple illustration: How can one accept that when a piece of 
wood is burnt, its energy is not lost when in fact it can only be burnt once? Exergy 
is capable of simultaneously expressing both the quantity and quality of an energy 
flow so the answer is that whilst its energy is conserved and transferred, its exergy 
degrades into the form of a heat flow, “unhelpfully” heating the atmosphere. Thus 
it is not the quality of energy that is conserved but rather its quantity. 

Eq. (3.7) states a great deal about the difference between heat flow Q and its 
exergy B. In fact, if they were to be represented graphically against T, Fig. 3.1 
would be obtained. 


'Note that exergy can be also denoted by the letters EF or Ex (Tsatsaronis, 2007). 
2A feature which will be analysed in detail in Chap. 10. 
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Fig. 3.1 Exergy of a heat flow as a function of temperature 


It can be observed that when T is greater than To, exergy is always smaller 
than Q. In fact, only at infinite temperatures will it ever be equal to the value 
of energy. For instance, the exergy that the Earth receives from the sun at an 
equivalent temperature of about 5,700 K constitutes 95% of its energy with respect 
to the average ambient temperature at 288 K. As the heat flow approaches To, its 
exergy tends to zero which is why the thermal exergy of the human body at 37°C 
(310 K) constitutes only 7% of its energy. Or in other words, the best thermal 
engine that one could design for extracting work from the heat of the human body 
would only ever have a maximum efficiency of 7%. So, even if it is theoretically 
possible to move the hands of a watch using solely body heat, any such item would 
certainly be very expensive and as uncomfortably bulky as a conventional thermal 
engine. 

Nevertheless, as can be observed in Fig. 3.1 exergy never surpasses zero to 
become negative. This is due to the fact that heat at this point flows in the opposite 
direction, t.e. To to T, as heat always flows from hot to cold bodies. The exergy of 
a system reaches infinity when the temperature tends towards absolute zero Kelvin. 
This implies that cooling a body below ambient temperature is very difficult and 
that this difficulty increases as T decreases. Indeed even if scientists had the whole 
energy of the universe at their disposal, it would not be enough to force absolute 
zero. This is in effect the formulation of the true meaning of “it is impossible by any 
procedure, no matter how idealised, to reduce the temperature of any system to zero 
temperature in a finite number of finite operations”, a statement which constitutes 
the Third Law of Thermodynamics. 
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Exergy is thus the thermodynamic expression of power and distinction. To place 
that into its proper context, it is not about how valued someone or something is in 
their own right but instead how far they can be distinguished from the surrounding 
environment. In layman’s terms a Nobel prize laureate is as much praised as fewer 
other laureates are around. A rich man is more powerful when poorer men surround 
him. The same newspaper has a different value depending on if it is today’s or 
yesterday’s, found by a historian of the 30th century or by an alien. And yes, for 
Snow White it is easy to look beautiful around her seven dwarfs. 


3.2.4 The nature of irreversibility 


Entropy generation is always positive in irreversible processes and zero in reversible 
ones. The more irreversible the process is, the greater its entropy generation. The 
exergy balance of a steady state process is non-zero and the result is named ir- 
reversibility, denoted [. Consequently, irreversibility is the exergy (useful energy) 
destroyed in the process. The Gouy-Stodola theorem: I = Too, links irreversibility 
with entropy generation through the surrounding temperature Tp. 

As opposed to mass and energy balances that are conservative and save engineers 
the effort of having to measure one term per equation, an exergy balance neither 
saves measuring nor calculating efforts. Energies and entropies of all entering and 
exiting flows must be determined. The outcome of the balance is shown to be the 
irreversibility of the system. Thus, if entropy or even exergy are not well under- 
stood, it is obvious why their analysis is not so widespread in industry. Perhaps 
it is a matter of too much effort for not an altogether practical message! Process 
industries use the energy balance to determine energy losses, 7.e. those that cross 
system boundaries. The industrial basis for this is down to the simple but in the 
authors’ opinion false reasoning of “we lose efficiency because we lose energy”. For 
if this is indeed the case, then the contrary is also true: “if we do not lose energy, 
we do not lose efficiency”. Both are incorrect. The mechanisms by which energy 
degrades are not located in the system boundaries but in the loss of energy quality 
when energy itself is transferred. And, irreversibility is the measure of that energy 
degradation. It is in short, the exergy that is destroyed forever and the key to energy 
saving. Consequently, the authors would like to stress the fundamental importance 
of understanding the mechanism by which irreversibility is produced, in order to 
minimise exergy losses. Any practical energy saving compendium can therefore 
be summarised in a single sentence: understand irreversibilities and actively avoid 
them. 

But how many kinds of irreversibilities exist? The answer to this question stems 
from the concept of equilibrium. Energy systems spontaneously decrease their pres- 
sure, temperature and chemical potential to reach equilibrium with their surround- 
ings without any positive effect. If a system is to remain at equilibrium, it needs 
to be enclosed within rigid walls to prevent pressure changes; adiabatic walls for 
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temperature maintenance; and impermeable walls to avoid the exchange of chemical 
substances or to keep them at a given metastable state. Effectively, this means that 
such systems are stored in reservoirs so as to uphold their intensive properties over 
time. 

Mechanical, thermal and chemical equilibrium inherently implies that there are 
also three causes of disequilibrium and subsequently three sources of irreversibility?: 


e Mechanical irreversibilities appear in processes that involve friction due to pres- 
sure changes. The greater this change, the greater the irreversibility created 
within the system. Consequently, entropy generation or exergy destruction oc- 
curs. 

e Thermal irreversibilities appear when there is a finite temperature change within 
the system as in every heat exchanger, for instance. Heat spontaneously passes 
from a warm body to a cold one, thereby losing exergy. Again, the irreversibility 
produced increases with the temperature difference*. 

e Chemical irreversibilities appear when some chemical disequilibrium exists, such 
as occurs with mixtures, solutions and chemical reactions. For example when 
water and salt mix, exergy is destroyed. This exergy loss is equivalent to the 
minimum work that would be needed to desalinise water. Dispersion is a typical 
chemical irreversibility. Contamination (mixing) is a spontaneous process which 
needs a lot of exergy to reverse the process (clean up). 


Thus, minimising the mechanical, thermal and chemical gradients that appear 
in processes is key to saving energy and achieving good efficiencies as will be seen 
later in Chap. 16. 


3.3. From Thermodynamics to Economics: Thermoeconomics 


Irreversibility is the root of the physical cost and connects Thermodynamics to 
Economics to such an extent that a new branch of knowledge was created: Ther- 
moeconomics. As explained in Sec. 2.6.5, this discipline was intended to build a 
narrow but solid bridge between the Second Law and Economics. 

The next sections describe the fundamentals of Thermoeconomics and exergy 
cost. 


3In reality for each pair of intensive-extensive properties, there exists a “wall” that upon being 
broken an associated irreversibility appears, i.e. as in the case of magnetic force-magnetisation. 

4Surprisingly, the efficacy of a heat exchanger increases with the temperature difference, AT, 
between the hot and the cold streams. On the contrary, its Second Law efficiency decreases with 
AT. So whilst cheap and small heat exchangers are popular they are not a recommendable energy 
saving strategy. 
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3.3.1 Basics of Thermoeconomics 


Thermoeconomics is a word coined and promoted in the early sixties by Myron 
Tribus, Robert Evans and Yehia El Sayed (Tribus and Evans, 1962; Evans and 
Tribus, 1965; El-Sayed and Evans, 1970; El-Sayed and Aplenc, 1970) when they al- 
located costs of water and energy streams in desalination plants using exergy. Their 
original work consisted of relating monetary cost of physical flows, including fuel and 
investment costs expended throughout the plant, with their thermodynamic utility, 
named at that time “availability”. Since then, a good number of scientific contribu- 
tions have further developed this new scientific discipline (a historical overview can 
be obtained in Valero and Torres (2003)°). 

Thermoeconomics is, in its widest sense, the science of saving natural resources 
which connects Physics and Economics by means of the Second Law. This is a 
fairly strong sentence. The keyword is “saving”, since saving has a sense of purpose. 
Those involved in its application try to avoid squandering natural resources used for 
a given purpose in the best possible way. As seen before, avoiding irreversibilities 
is the universal way to achieve it. Almost all human actions have an associated 
consumption of physical resources - that can be measured through the irreversibility 
caused. On the other hand, accounting for all natural resources means costing, 
which is a genuine concept from Economics as has been seen in Sec. 2.3. This is how 
the connection between Physics and Economics is established in Thermoeconomics. 
Consequently, Thermoeconomics is not so much interested in price or value but 
rather cost. This is because Physics (in all its branches) aims to objectify and 
quantify natural facts. Therefore, if one were to pretend to search for the physical 
cost of things, one would need to look for tools that are as independent, as is possible, 
from human will. In this respect, it is obvious that money cannot (and could never) 
be the best unit measure, since its value depends on different “subjective” factors 
such as market exchange. Quantifying Nature in monetary terms, is opening the 
door to arbitrariness. Nature sells nothing. 

So, what should be the physical measuring unit of cost? The answer to this 
question lies in the Second Law: if the cost is a sacrifice of resources, and the 
already consumed resources have been consumed forever, one may see this fact as 
the basis of physical accountability. Thermodynamics provides the necessary tools 
for costs analysis: energy, entropy or exergy. The first has the problem that it only 
measures quantity and is insensitive to quality: a kWh of work is not equivalent 
to the same amount of heat. One finds a better answer with entropy. Coal, for 
instance, has a lower entropy than the gases generated after its combustion and 
spontaneous processes only occur if entropy increases. However, even if entropy is 


5Early and prominent contributors include Tribus and Evans (1962); El-Sayed and Aplenc (1970); 
Reistad (1970); Gaggioli and Wepfer (1980). The interest and works regarding thermoeconomic 
analysis highly increased in the 1980s. Relevant contributions are those of Tsatsaronis and Winhold 
(1985), Frangopoulos (1983), von Spakovsky (1986), Valero et al. (1986, 1992) or Szargut and 
Morris (1987). 
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sensitive to quality, the problem is that its units (energy /temperature) are not very 
practical. As with energy, it only provides one dimension. In fact both properties: 
energy and entropy are required for analysing a process in its entirety. 

Although exergy is also a one-dimensional property, it incorporates both sets 
of information. It has energy dimensions and is sensitive to both the quantity and 
quality of the energy exchanged. Hence, exergy is a good candidate for the measure- 
ment of cost. As a concept, it participates in all cost characteristics: it is additive 
and can be calculated in all flows interacting within any manufacturing process. It is 
not a function of how much one appreciates things but a function of the quality and 
quantity of useful energy that could be expended throughout the system. Its most 
important contribution is its ability to objectify all the physical manifestations in 
energy units, independent of their economic value. Thus any product, any resource 
or any waste or polluting emission can be objectively evaluated from an exergy per- 
spective. Exergy measures the minimum quantity of useful energy required to form 
a system from its constituent elements found in the Reference Environment (R.E.). 
Once the R.E. has been defined, the minimum thermodynamic cost or exergy of any 
material or energy flow can be calculated. Accordingly, exergy takes into account 
all physical manifestations that differentiate the system from its environment - the 
height, velocity, pressure, temperature, chemical composition, concentration, etc. 

As discussed previously, conventional Thermodynamics states that the exergy 
balance accounts for the degradation of the exergy whereby the incoming exergy 
will be always greater than the outgoing one: 


Exergy Input - Exergy Output = Irreversibilities > 0 


Yet this expression only points out the existence of irreversibilities within a 
process. So it is for Thermoeconomics to take it a step further by including in 
the equation the concept of purpose by means of an efficiency definition. There is 
after all, an implicit classification of those flows crossing the system boundary: the 
production objectives, P, the resources required to carry out the production, F, 
and those that are residuals or wastes, R. 

One should not however just associate the resources with input flows, nor the 
products solely with output flows. One must instead have a clear idea of what is to 
be produced before efficiency is defined. Such information is not itself implicit in 
the Second Law and is in fact the most important conceptual leap separating and at 
the same time connecting Physics to Economics. Therefore results stemming from 
Thermoeconomics will always depend on what the designer wants to produce. Even 
the physical cost, unlike exergy, becomes an anthropic concept. 

From this moment on, the authors move beyond the field of objective Physics 
and put into the heart of Thermodynamics the very concept of purpose. In an 
Aristotelian sense, F’ is the “causa materialis”, or that from which something else 
arises, and P is the “causa finalis”, or the end, the reality towards which something 
tends. The principle of change, or “causa eficiens” is embedded in the inexorable 
degradation of natural resources, quantified in term J. At the very end the “causa 
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formalis” (i.e. the underlying idea of any production process) perhaps represents 
society’s enjoyment of life and ultimately its survival (Georgescu-Roegen, 1971). 
Thus, the rearranged exergy balance now becomes: 


Ex. Resources(f’) - Ex. Products(P) = Ex. Wastes(R) + Irreversibilities(I) > 0 
And the process efficiency is defined as: 
Efficiency = Ex. Product / Ex. Resources 
Its inverse value is the unit exergy consumption: 
Unit Ex. Consumption = Ex. Resources / Ex. Product 
In a similar way, the efficiency for a waste reduction process is defined as: 
Eff. = Ex. reduction of Wastes/ Ex. additional Resources to dispose of wastes 


An ideal thermodynamic process would be that of zero irreversibilities, or in 
other words, the unit exergy consumption of the product would be equal to one. 
However, as experience demonstrates irreversibilities are never zero and the true 
amount of exergy required in real processes per unit of exergy of the product is 
what matters. This is described in the next section. 


3.3.2 The exergy cost 
3.3.2.1 Conceptual meaning 


Only in a thermo-utopian world, could a person be forgiven in thinking that all 
processes are reversible, i.e., they should go infinitesimally slow enough to reach 
equilibrium and not subject to either friction or dissipative effects. In such case, 
no additional exergy is destroyed and the manufacturing cost simply reflects its 
minimum thermodynamic cost (exergy). 

Friction and dissipation are required for life. By focusing on everyday processes, 
one becomes steadily aware of the need for light with which to see or friction in 
order to move. The conversion of electricity into an illuminating flux and in turn 
into heat is a completely irreversible process. The same with friction, without which 
most humans could not competently walk upright. The Earth’s habitable condition 
requires the constant and sacrificial destruction of solar exergy radiation. Life is 
after all, a continuous irreversible process with death being the absence of that same 
irreversibility. 

Biological processes are closer to reversibility than manmade systems. The at- 
mospheric fixation of CO, through the chlorophyll function of plants, for instance, 
takes place at ambient temperature using only sunlight (this energy is of course at 
very low density per surface unit). Yet in contrast, for Man to reduce C'O2 into pure 
carbon or undertake hydrocarbon synthesis, a very complex and energy intensive 
technology is required. Another key example of manmade versus natural efficiency 
is the ingenious fixation of atmospheric nitrogen by leguminous plants. When Man 
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attempts to mimic Nature he must use voltaic arc temperatures, such as those al- 
ready reached by lightning in a thunderstorm. Further evidence of Man’s inability 
to imitate Nature is the working temperature (37°C) of living tissue building and 
chemical combustion of food. Such a low temperature is unthinkable in industrial 
processes including distillation which requires thousands of more Joules in the sep- 
aration than the mixing process. This is of course something which natural systems 
are perfectly designed to accomplish. Indeed using manmade technology to separate 
sugar from salt would necessitate a selective organic solvent for sugar, followed by 
a period of evaporation and subsequent cooling of that same solvent. The expense 
and effort involved would effectively mean that in the interests of time and resources 
it would be better to throw away such mixture. It is this minimum reversible cost 
which represents the exergy value - the authors’ reference point for the physical cost 
of things. It is however important now that the book progresses to the exergy cost 
concept, which is closer to the human perception of cost. 

Many things society values are worthless from a thermodynamic point of view. 
This is shown in the striking examples of a beautifully designed Bohemian glass or a 
stone sculpture of say Rodin, or even gold. Their exergy content is zero in practical 
terms. Glass, stone or gold are found in Nature as rocks or minerals and their 
manipulation adds no additional exergy to the object itself. These examples clarify 
that the source of an object’s worth may not be related to its exergy content. In fact, 
many monetary values juxtapose their equivalent physical value as prescribed by 
Thermodynamics. How Physics can help is through a physical valuation of objects, 
i.e. by stating the number of energy units required in the manufacture of a given 
product (that is to say its embodied exergy or exergy cost). This is by no means 
trivial information, since in contrast to the financial markets, natural sciences are 
not affected by value manipulation and other somewhat subjective externalities. 


3.3.2.2 Exergy cost definition and allocation rules 


Exergy cost can be defined as the sum of all resources required to build a product 
from its component parts, expressed in exergy units. The concept was internation- 
ally presented by Valero et al. (1986) in their “General Theory of Exergy Saving”, 
where a general matric procedure, able to be implemented into computer software, 
6. This methodology 
was further demonstrated to be isomorphous to the Input-Output theory of Leon- 
tief (1951). Szargut (1987) proposed the concept of cumulative exergy consumption 
almost simultaneously” with the exergy cost of Valero et al. (1986). Both in fact, 


was developed for the cost determination of energy systems 


precisely define embodied exergy, which the authors will now go on to explain. 


6Such procedures were patterned from the ideas of systematic splitting of “Fuels and Products” 
for exergoeconomic costing allocation in energy systems developed by Tsatsaronis and Winhold 
(1985). 

“The cummulative exergy consumption was first formulated in Szargut (1978) (see Sec. 2.6.3.4) 
but the international community was not aware of it until the publication of the book Szargut et al. 
(1988). In any case both exergy cost and cummulative exergy consumption are refined concepts 
of the former “embodied energy” concept attributed to Hannon (1973). 
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The value of the exergy cost of a given material is always the sum of its exergy 
plus all the irreversibilities that occurred in its production process. The greater 
the exergy cost, the lower the production chain efficiency. A product’s exergy cost 
could be typically tens or even thousands of times greater than its exergy. 

Exergy values should be used because of the need for homogenous and universal 
standards. Neither mass nor energy can provide them. This is because the mass and 
energy of a mineral in a mine or quarry remains the same, no matter if that mineral 
is dispersed or concentrated. The same occurs with process emissions. In addition, 
exergy can help in assigning costs. The main problem in doing so has been the 
identification of a function that adequately characterises every one of the internal 
flows in a system and distributes cost proportionally. This difficulty derives from the 
fact that the function needs to be universal, sensitive and additive. That is, it needs 
to provide an objective value for every possible material manifestation; it must be 
able to vary when these manifestations do so and enable each internal flow property 
to be represented cumulatively. There is a widely recognised international consensus 
that the best function, at least for systems that exchange energy, is exergy, which 
can contain in its own analytical structure a given flow’s history. 

The concept of exergy cost is still within the realm of Thermodynamics but 
it clearly shares many of the cost accounting methodologies from the conventional 
accounting principles of Economics. Thus, the isomorphism between exergy cost and 
economic cost enables the straightforward conversion of thermodynamic costs into 
thermoeconomic costs. This can be done by simply transforming resource exergy 
costs into resource prices and adding to each subsystem their annualised (levelised) 
installation rate and maintenance costs. However there is a definitive difference 
between the two: exergy costs unlike their economic counterparts, relate physical 
measurements like mass flow rates, pressures, temperatures and compositions, to 
actual irreversibilities occurring in the system. Therefore, the basis of a general 
theory for improving systems and saving resources lies in systematically locating 
and causalising irreversibilities in and out of a system and counterbalancing them 
with the money needed for compensation. In this way, exergy cost accounting 
provides a wide scope and clear vision of the use and degradation of energy and 
other natural resources. 

Cost is an emergent property as it is a property that cannot be found in the 
product itself. It cannot be measured as a physical magnitude of a flow stream or as 
a mass, composition or temperature. Instead, it depends on the system’s structure 
and appears as an outcome of the system’s analysis. Therefore, it needs precise rules 
for its calculation from physical data. The system also needs to be disaggregated 
when several products are simultaneously produced and allocation problems appear. 
As stated above, the most important application of Thermoeconomics lies in the 
search for the causes of cost and inefficiency and how one might decrease them. This 
means that any analysis must be as detailed as possible, disagreggating the system 
into all its constituents. In this regard, it is not only the physical components 
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that can be disaggregated. Exergy can also be disaggregated into its mechanical, 
thermal or chemical components which all have their own history of formation. Each 
sub-process has consumed resources to produce a particular change in pressure, 
temperature or chemical potential. The flow history and exergy cost, i.e. the 
amount of given resources to produce that flow, can always be reconstructed. By 
undertaking a systematic account of these consumed resources, a physical cost can 
be associated with each identified flow, representing the sum of the resources needed 
to produce it under the given circumstances. 

Costs can also be allocated to co-products, byproducts and wastes when flow bi- 
furcations appear. Any bifurcated flow belongs to one of three categories: resource, 
F, product, P, or waste, R. Lozano and Valero (1993) suggested the following 
F — P— Rrules, which can be summarised as follows: 


e F: The output flow of a subsystem identified as a non-spent resource keeps the 
same cost per unit of exergy as the input. 

e P: The cost of co-products that are obtained simultaneously in a single subsys- 
tem are allocated in proportion to their exergy. Byproducts are an intermediate 
case between final products and wastes. They save resources and decrease the 
cost of production, being allocated as their “avoided” exergy costs. 

e R: The costs of wastes are allocated by accounting the additional resources 
needed to dispose of or treat them. 


In order to allocate the above costs, three conditions need to be met. First, 
system boundaries must be set. Second, a system’s structure must be defined in a 
way in which all the components or processes can be described in terms of black 
boxes interacting with each other through energy flows. And third, the definition 
of the purpose of production for each and every component must be agreed upon. 
Accordingly, a systematic exergy analysis of any process requires a classification 
of flows according to their purpose with all flows entering or exiting representing 
either a resource or fuel, product, co-product, byproduct or waste® (which is really 
an undesirable byproduct). Therefore, in each individual process as in the overall 
one, the Second Law applies: any exergy expended is used in the creation of products 
and wastes and in the generation of irreversibility. Since exergy is a measure of the 
driving power of each operation, exergy efficiency® can be defined as the exergy of 
products divided by that of the expended resources. Moreover, the exergy efficiency 
of a waste disposal system is equal to the exergy decrease of wastes divided by that 
of expended resources. 

In the product cost formation process, an analytical search for the locations and 
physical mechanisms that make up a specific productive flow is essential. In an in- 
tertwined way there is also a waste cost formation process that locates and quantifies 


8Note that not every entering flow is an input nor every exiting one an output. Unexpended fuels 
may also be outputs whilst pre-fabricated products, still requiring processing, may be an input. 
2Note that efficiency and purpose do not depend on Physics but on the designer. 
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the cost of removing flow residuals that inevitably accompany any production pro- 
cess. For accomplishing such processes, resources are spent to give physico-chemical 
qualities to intermediate products until a finished one is obtained. The cost forma- 
tion process can therefore shed light on new paths of technological research. 

In summary, process evolution, degradation, exergy, quality, cost, resource, con- 
sumption, purpose and causality are therefore all closely related concepts within 
Thermoeconomics. 


3.3.3 Success and shortcomings of Thermoeconomics 


As has been seen, the Second Law through the property exergy, quantifies, in a 
rational and physical way, the thermodynamic importance of flows in a system. 
This allows for the definition of the true efficiency of processes in a given system, 
once the desired flows to be produced are identified, along with those which will 
consequently be consumed. The accumulated performance over the production 
process is measured by exergy expenditure, 7.e. its exergy cost, required to produce 
a given flow. Only efficiency defined according to the Second Law, allows systems 
to be compared in absolute terms and the amount of exergy used up in the process 
to be measured accurately and universally. It is hence the authors’ view that the 
only rigorous way to measure the cost of production, not its price setting nor its 
value, is through the Second Law. Through this principle, it is possible to identify, 
locate, quantify and find the causes of inefficiencies in real processes which give rise 
to the consumption of resources and therefore, to the cost formation process. 

Thermoeconomics becomes a crystal clear and unique way to connect the uni- 
versal measure of physical loss, i.e. irreversibility, with the loss of resources at the 
overall system level and then to other forms of reasoning, including ones originating 
from Economics. This is perhaps the greatest motivation for a continued systematic 
research in this new discipline. 

However, it should be highlighted that no matter if exergy is used in analysing 
environmental problems or indeed elsewhere, there is no point in mythologising 
it. It only measures the number of times one type of product is thermodynami- 
cally equivalent to another. Exergy is a measure of the thermodynamic separation 
of a system from a given reference environment, not the measure of value one 
gives to things. It simply evaluates the amount of quality energy spent for such a 
separation. Quality needs many specifications; but exergy reduces them to a few 
such as pressure, temperature, composition, concentration, height, velocity and any 
other intensive property. The problem of specifying quality is context-dependent 
and extremely complex. A morsel of food could to some appear repugnant, whilst 
to others extraordinary but regardless of opinion it will always maintain the same 
exergy value. As such, exergy and exergy cost are really another way of measuring 
reality and thus should not take precedence over or replace other possible analyses. 
One should flee from neoenergeticism or better still exergeticism, philosophies which 
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put forward exergy as a physical measure of the value of things as an alternative to 
their market price. Exergy and exergy cost provide complementary, not the sole, 
information about the mark that Man leaves on Earth. One should not ignore them 
either... to ignore them is as thoughtless as to extol them as the unique instruments 
for the management of natural resources and the environment. 


3.3.4 Thermoeconomics a new vision of saving natural resources 


Relativism is a main feature of resource accounting. As was seen in Chap. 2, many 
economists have sought an objective rationalising principle on which to base their 
arguments. This search has noteworthy precedents from historical energeticists who 
proposed, as early as the 1880s, an energy theory of value!°. They identified the 
economic value of a product as the sum of energy required to obtain it. This idea 
has since been sharply rejected by economists simply because it is not possible 
to identify the value formed in the market exchange with the amount of energy 
consumed in the production process. 

However, a stream of economists led by the works of Nicholas Georgescu-Roegen 
have raised alarms triggered by the fact that it is no longer possible to maintain the 
mechanicist myth that the Earth’s resources are inexhaustible (Sec. 2.4.4.1). Clearly 
depletion of energy resources and raw materials occurs. And clearly no land receiv- 
ing residues (chemical, nuclear and/or thermal wastes) does so without absorbing 
and eventually suffering damage. Humankind must embrace the conservation of 
resources, the protection of the environment and sustainable development. 

The 1987 Brundtland Commission Report that lay the foundation for sustainable 
policy and practice, stated that in order for developing countries to address the gap 
which separates them from industrialised ones and achieve a minimum standard of 
living, they must grow to such an extent that by the year 2025 the world’s energy 
consumption will have increased fivefold. But the planetary ecosystem could never 
support this level of consumption, so “the only reasonable strategy is conservation” 
(Georgescu-Roegen, 1971). 

Hence why, some economists look again to Thermodynamics, in fact, to the 
Second Law. Their approach is qualitative, conceptual, metaphorical, philosophical 
but not operational. The lack of the latter is not just because of the conceptual 
distance between these two fields. As one might expect, it is an arduous task to 
explain the concept of entropy to social scientists in terms of heat and temperature 
and then convince them that it is related to their respective fields. This is why 
entropy is used as a metaphor outside the Thermodynamic realm. In the authors’ 
view, by simply substituting their terms of “low and high entropy” for “high and 
low exergy”, the problem becomes solved. This permits thinking in understandable 
energy terms (kJ or kWh) instead of units of entropy (energy over temperature). 
Furthermore, as explained previously, exergy, as opposed to energy, is never con- 


10See a thorough description of energeticists thinking in Martinez-Alier and Schliipmann (1991). 


80 Thanatia: The Destiny of the Earth’s Mineral Resources 


served in naturally occurring processes. When energy degrades in quality, exergy 
quantitatively decreases simultaneously and, each time exergy is destroyed entropy 
is generated since the Gouy-Stodola equation advises that exergy destruction is 
equal to ambient temperature (K) times entropy generation. Thus, a conceptual 
jump from the qualitative to the quantitative description of systems is made. Dis- 
cussions can and will now move from the better/worse to the plus/minus arena. 

It is the authors’ opinion that Thermoeconomics must be the basis for a General 
Theory of Useful Energy Saving, where conservation is the cornerstone. Conserva- 
tion means improving the efficiency of production processes, recycling materials and 
the substituting of one resource for another. Recycling and the full exploitation of 
raw materials requires increasingly complex productive structures. The greater the 
knowledge or information contained in systems, the better their efficiency. The 
three pillars on which to base the theory are Resources, Structure and Efficiency. 

The theory can contribute to quantitative solutions in industrial processes such 
as the synthesis and evolution of structures, the search for production costs and 
the alleviation or even removal of the perturbations in a whole system caused by a 
malfunction in one of its subsystems. It could also play a key role in the areas of 
environmental interaction and decision making in energy and resource management. 

The book now turns to the branch of Thermoeconomics, Physical Geonomics, 
that the authors believe can contribute to the rational quantification and challenge 
of mineral resources depletion. 


3.4 From Thermoeconomics to Ecology: Exergoecology and 
Physical Geonomics 


Daily life is immersed in economy. Human society tends to substitute human and 
natural values with economic ones, i.e. prices. But monetary capital is not the 
only resource. Stating otherwise is an arrogant way of reducing Nature and society 
into almost nothing. So whilst one may put prices on almost everything it does 
not mean that one knows or even considers their true value. So, what could be the 
alternative? Why not instead make an estimation of the value of things and living 
entities, as if one were tasked with the job of reproducing or replacing them? Only 
by doing this, would one realise how difficult it is. How many resources -of any kind- 
are needed to obtain them? How much knowledge is required to understand the 
mechanisms by which resources can be converted into entities? Such questions give 
a sense of the ethics behind conservation because arguably one should not destroy 
what one does not know how, or is not prepared to construct. 

That is why it is so important to account for costs measured as a general sacrifice 
of resources, independently of the yardstick (numeraire) used to quantify them. This 
is in effect what Valero (1998) proposes in the Exergoecology method. Exergoecology 
is derived from Thermoeconomics. Its aim is to assess the exergy of natural resources 
from a defined dispersed state of the Earth. 
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Exergoecology has been developed thus far for analysing inorganic substances?! 


and can be divided into two distinct branches: Physical Hydronomics and Phy- 


sical Geonomics!?. 


The former investigates water resources through the exergy 
assessment of ecological costs, i.e. those regarding the alteration of the physical 
and biological aspects of water bodies due to human activities (Valero et al., 2007; 
Martinez, 2009). The latter, which is the focus of this book, is concerned with 
mineral resources. Specifically, it quantifies the amount of exergy that one saves 
when resources are extracted from a mine, instead of from a pool of materials con- 
tained in a hypothetical Earth that has reached the maximum level of deterioration. 
The authors coined this degraded state Thanatia, details of which can be found in 
Chap. 10. The objective of Physical Geonomics is thus to determine the exergy 
bonus that Nature provides by having minerals concentrated in mines instead of 
having them dispersed throughout the Earth’s crust. It can also be used alongside 
extraction data, to assess how Nature’s stock is being degraded and dispersed by 
mankind and at which rate. 

The authors will now proceed to outline, through an example, the difference 
between Physical Geonomics and other cradle to grave exergy approaches (led by the 
thermo-ecological method explained in Sec. 2.6.3.4). In primary copper production, 
conventional exergy analysis accounts for the exergy input of all industrial processes 
involved in the extraction, beneficiation, refining, manufacture, use and disposal of 
copper, including emission and waste abatement in a cradle-to-grave approach (see 
Fig. 3.2). In short, one calculates its exergy cost (or embodied exergy) by measuring 
the whole exergy consumed from the initial to the final state. 

Physical Geonomics, in contrast, closes the cycle of Fig. 3.2 in the opposite 
direction via a “grave-to-cradle approach”. This is because it is concerned with the 
amount of exergy needed to return copper from the depleted state of Thanatia to 
the conditions of the mine where it was originally found. The exergy difference 
between Thanatia and the mine increases with the mine’s quality (i.e. with its 
ore grade). This means that as the mineral deposits become exhausted, the exergy 
difference between Thanatia and the mine reduces. At the threshold where all 
natural resources have been extracted and dispersed, this difference is equal to zero 


11 Jorgensen and Svirezhev (2004) and Jorgensen (2006) have also applied similar concepts to 
ecosystems, introducing the term Eco-exergy as a measure of how far an ecosystem is from ther- 
modynamic equilibrium, that is to say how developed an ecosystem is. 

12The term Geonomics was coined by Gregory Antipa (1909) and means land management. The 
geonomist considers that land, water, climate, biosphere and humanity form a whole and depend 
on each other. Learning to decipher the past allows for a better understanding of the present and 
a better anticipation of the future. The Gaia hypothesis (Lovelock, 1972), as well as the book 
“Collapse” (Diamond, 2005) typically reveals a geonomic speech although these authors would not 
have used that term. As explained by Diamond (2005), the recent global technological civilisation 
and its six to eight billion people is a pulse that is essentially due to access and use of fossil fuels 
and uranium. When depleted, which could be within half a century or five centuries, and no 
matter the progress of technology by then, humanity will have to go back to less than one billion 
people and use renewable energies. See http://fr.wikipedia.org/wiki/Géonomie. Accessed Aug. 
2013. 
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Fig. 3.2 Conceptual diagram of cradle-to-grave and grave-to-cradle methodologies 


- that is to say, the planet has lost all its natural bonus. Note that since the 
grave-to-cradle process is hypothetical, the exergy replacement cost is not truly an 
embodied exergy, it can be rather considered a hidden cost and hence both terms 
cannot be used as synonyms, as was the case for cradle-to-grave analyses. 

Both approaches are equally important. The cradle-to-grave one helps to opti- 
mise the use of energy and materials throughout the life of a certain commodity. 
In contrast, in the grave-to-cradle approach, conservation rather than efficiency is 
the goal. This is because the Earth is seen as an finite provider of exergy resources, 
each of which with an associated replacement cost. The higher the ore grade of 
a given resource with respect to Thanatia, the greater the replacement cost, thus 
advising for its conservation. The details about the grave-to-cradle approach are 
later explained in Chap. 4. 


3.5 Philosophical afterthoughts and warnings 


Thermodynamics is arguably the branch of Physics closest to the human being. 
Matters like to be or not to be, fate or death are treated in this science with an 
absolute familiarity and with no regard as to how people may feel towards them. 
Yet, whilst measuring, describing and giving sense to the depletion of Nature is 
somewhat terrifying, it is ultimately required if one is to understand the world and 
aims to manage it on more than a monetary (market) basis. 
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The marketplace is where everything is exchanged and value is a function of how 
much one is willing to pay. The myth that “bigger is better”, rising to prominence 
in the 20th century, has been a subjacent idea in western thinking and Economics 
(the daughter of interest and utility). This idea together with a sense of limit- 
less resources and technoptimism leads to the most terrifying of reductions, where 
Man irreversibly converts natural goods into monetary capital, as if money were 
completely substitutable for Nature. Indeed, even an immensely powerful financial 
system, capable of either enriching or impoverishing entire countries, could never as 
a matter of fact recreate the complexity of the simplest of life forms - the amoeba. 
Natural resources are finite and once extracted they irreversibly lose their ability 
to support the web of life and since the wealth of nations ultimately comes from 
natural resources and not from markets, sooner or later it will disappear. 

Huxley (1980) argued that the human species has become the first geologic 
force of the planet, an idea thought to have originated from Stoppani (1873) who 
wrote about the “anthropozoic era” (which Crutzen (2002) recently coined “Anthro- 
pocene”) identifying: “a new telluric force so strong and universal that it can be 
compared to the great Earth forces”. Since and before then neither air, nor water 
or the soil have escaped Man’s actions (alteration). Thousands of millions of tonnes 
are turned over annually to extract minerals and rocks for building and extending 
cities. Rivers are dominated and manipulated with dams, coasts are extensively 
modified and water is desalted from the sea. None of this comes cheap and all re- 
quire fossil fuels, which in turn modify the chemical composition of the atmosphere 
and hence the climate. 

Such issues can be related to the Thermodynamic concept of the thermal reser- 
voir, where temperature does not change regardless of how much heat one introduces 
or removes. The same concept applies to a mass reservoir, whereby chemical com- 
position does not change even with an addition or extraction of materials. The 
reservoir is the required theoretical basis in Physics for a comprehensive under- 
standing of the limits of the behaviour of matter. Man takes this idealisation as a 
matter of fact by considering the Earth as practically inexhaustible. This sense of 
infinity motivates predation. Yet, in terms of materials, Earth is a closed system 
subject to physical limits. There is after all only one nest and everything is in and 
consists of that nest. If it is not taken care of, humankind will only serve to poison 
itself. As such, one should replace what is destroyed and develop management and 
accounting tools to accomplish this. 

These tools require a theoretical and philosophical base, naturally provided by 
Thermodynamics. For a thermodynamicist, this fact is so obvious, that it is hard 
to believe the very little systematic effort devoted to it. The Second Law through 
exergy and the reference environment allows for the first small but very important 
steps. This is because it converts concepts into numbers and transforms them into 
objective and universal indicators which can be quantitatively used to evaluate the 
true level of planetary destruction as a consequence of societal activity. This is in 
short, the objective of this book, particularly in terms of mineral resource depletion. 
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However, it must be stated from the outset that even if and should the Second 
Law (through the application of exergy) enlighten and subsequently stimulate ideas, 
the authors do not exclude the richness and complexity of other complementary 
visions of reality in the pursuit of “truth”. For the sake of simplicity, an exergy 
assessment is like saying that the timber utilised in an oriental temple has the sole 
value of firewood. One could therefore justifiably argue that exergy is just the first 
objective step and that what really matters is the one beyond that. In other words, 
it is the embodied exergy or “exergy cost” that really matters. Yet, if this concept 
becomes the new source of value, it would mean that a Picasso painting equates 
to the effort it took him to paint it. This is obviously not a true measure of its 
beauty. Its physical replacement, should it be destroyed, could not be undertaken 
by someone else using the same amount of effort that Picasso originally expended, 
without an intrinsic loss of value and meaning. If the painting were truly to be 
replaced, this would require not only exergy but also knowledge, expertise and 
time. And, however complex a masterpiece, one should not forget that in daily 
activities such as eating, Man destroys DNA monuments which no scientist could 
ever hope to replace. 

Thus, the physical replacement cost has other components besides exergy. 
Therefore a more fundamental theory that binds these concepts and is at the same 
time capable of analysing their equivalences, analogies and differences becomes im- 
perative. This theory should include the energy, time, knowledge and materials 
needed to restore that which was destroyed and could be used to improve the man- 
agement of natural resources. The Second Law, with its concept of irreversibility 
provides the basis of cost and will be key in determining the way. 

Irreversibility states that the replacement process of any resource will cost more 
or improbably, the same quantity of energy that was released upon its destruction. 
Irrevocability is something deeper. In the event of death, no one and nothing will be 
able to replace the living being that has just died. Its demise or destruction being 
something that occurs only once. The Second Law says nothing about irrevocability. 
Perhaps, it should come with the following warning and advice “do not destroy 
anything that cannot be replaced” and “be respectful and destroy as less as possible”. 

The philosophical origin of respect is not due neither to usefulness, nor to scarcity 
or physical or economic costs but to the irrevocability of destruction. A message 
emphasising respect for those complex systems that compose the biosphere, the 
planetary resources and their appreciation, based on Man’s ability to restore them, 
is vital. It should in turn heighten concerns and lead to the caring of Nature and 
natural things. A first step would imply a registration of thermodynamic destruction 
in terms of the energy, information and time contained in the systems, combined 
with the cost and difficulty associated with their replacement. 
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3.6 Summary of the chapter 


Throughout this chapter, a review of the main thermodynamic properties required 
for a physical assessment of mineral resources has been carried out. 

Particularly, it has been seen that the First Law (or law of conservation) and 
its associated property, energy, is not suitable for sustainability accountancy as it 
is not able to categorise resources according to their quality. Hence, one needs to 
resort to the Second Law and the entropy property. But even if entropy is sensitive 
to quality, it is a measure of disorder and therefore is an abstract and not very 
practical property. 

Exergy combines both laws and is capable of simultaneously expressing the 
quantity and quality of any resource. It is additive and as opposed to entropy 
is expressed in more understandable units (energy units). Moreover it has the 
ability to objectify all the physical characteristics of resources, independently of 
their market value. 

Exergy content alone is however not suitable as an indicator for resource ac- 
counting, as it would consider all resource generation processes to be reversible. 
So, if resources were assessed with exergy, the values obtained would be extremely 
low. This is because all real processes are irreversible. Hence, even if exergy is the 
starting point for the assessment, it is exergy cost that provides information which 
is closer to Man’s perception of value. The concept of exergy cost is defined as the 
amount of the resources measured in exergy terms required to build a product. It 
thus involves all irreversibilities that appear in the process and as a result can be 
tens to thousands of times greater than the exergy of the same product. 

Exergy cost is the key concept of Thermoeconomics, 7.e. the branch of knowledge 
of energy saving. This novel discipline connects the universal measure of physical 
loss, z.e. irreversibility with the loss of resources and then with Economics. Thermo- 
economics has been widely used for optimising and improving industrial processes. 
However its potential for natural resource assessment has not been sufficiently ex- 
ploited. 

The authors thus propose the Exergoecology approach, which derives from Ther- 
moeconomics and attempts to assess natural resources through the so-called exergy 
replacement costs. This book specifically looks at the mineral endowment on Earth, 
which falls under Physical Geonomics (a branch of Exergoecology). Physical Geo- 
nomics assesses the degradation of mineral resources according to the exergy re- 
quired to return them from a completely dispersed state to the conditions of com- 
position and concentration originally found in Nature. This is further explored in 
the next chapter. 
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Chapter 4 


Physical Geonomics: A 
Cradle-Grave-Cradle Approach for Mineral 
Depletion Assessment 


4.1 Introduction 


Physical Geonomics, as proposed in this book, is interpreded as a branch of Exer- 
goecology which is used to account, through the exergy replacement costs, the effort 
required to restore a given mineral from a dispersed state to its original concentra- 
tion when found in a mine. It thus addresses the problem of resource depletion and 
is the theoretical framework for the numerical assessments carried out in Part 3 of 
this book. The Physical Geonomics approach allows for the determination of the 
missing semicircle of a complete cradle-grave-cradle analysis of the mineral wealth 
on Earth. This chapter explains in detail the methodology behind the approach 
together with the concept of thermodynamic rarity. 


4.2 Material cycles and the dispersion problem 


The planet works in cycles driven by solar energy. Such cycles include that of car- 
bon, oxygen, nitrogen, phosphorus, sulphur or water. As of yet however, there are 
no postulated cycles for metals and chemical elements generally. Of the latter, those 
associated with biota have short closing cycle times, even if measured on a geolo- 
gical scale and can be replenished quickly (provided that any anthropogenic waste 
production should not exceed the assimilative capacity of the biosphere). As for 
those not involved in biological life they are far from readily or easily restocked in a 
human based timeframe. They are constituents of mankind’s “exosomatic” organs 
and include buildings, infrastructures and machinery whose deterioration and obso- 
lescence causes metal dispersion. Indeed exosomatic materials need geological eons 
to naturally close each particular element cycle. Restoring mineral deposits, thus, 
to the way they were before civilisation, would only be possible using together the 
internal heat of the Earth through volcanism and the weathering processes driven 
by the sun. If Man was to effectively set about turning back time, the “easiest” 
mineral resources to restore would be the fossil fuels. And this is despite the fact 


that fossil fuels have a formation time in the order of millions of years?. 


lGiampietro and Pimentel (1991) gave a value for fossil energy productivity of the Earth as low 
as 0.016 MJ/m?/day or 1000 kcal/0.7m?/year. 
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But if Man alters cycles, the responsibility of fixing (closing) them firmly rests on 
“his” shoulders. Sustainable development requires the closing of all chemical element 
cycles on the planet. The “Age of Demandite” makes all elements of the periodic 
table the constituents of both the endo and exo-somatic organs of civilisation. 

Considering a cycle for each individual element, either bio-geologically or geo- 
technologically driven, gives the necessary insight to understand the underlying 
theory. , 
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Fig. 4.1 The cycle of materials 


First, minerals are extracted from the crust and then undergo different treatment 
stages, leading either to the creation of raw material stocks or the direct manufacture 
of products. These products arrive then to the market, satisfying the different uses 
for which they were initially created. As long as such products remain in societal 
circulation, the minerals contained in them can be viewed as a stock “in use”. When 
a commodity is no longer in use, for the reasons explained in Chap. 14, it is said to 
come to the end of its life (HoL) at which point it is typically diverted to landfill or 
ideally, enters the recycling process. In the first option, all minerals will eventually 
experience dispersal, finally resting at the depleted state, the authors recognise as 
“Thanatia”. This concept and its corresponding quantitative representation, the 
Crepuscular Earth Model are explained in detail in Chap. 10. 

As qualitatively explained in Sec. 1.7, arrival at the state of Thanatia effectively 
means that all minerals are completely mixed with a concentration equivalent to the 
average crust, 7.e. there is complete absence of high-grade mineral accumulations, 
which in turn implies that substance recovery is practically impossible, given the 
incredible amounts of energy required. In many cases, the concentration of minerals 
in landfills is so small, that one can practically state with confidence that many have 
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already arrived to Thanatia (this is why incidentally in Fig. 4.1, “Stock in Landfills” 
is overlapped with “Thanatia’). 

That said however, the so called “urban mining” (Sec. 14.4), defined as the 
recovery of secondary resources from technospheric stocks (Brunner and Rechberger, 
2004) offers an opportunity to recover minerals before they are completely lost 
forever. Yet the fact remains that it is far from an attractive solution, given its 
energy intensity, especially when compared to recycling - a process found earlier in 
the cycle. Mathematically, the material’s cycle of Fig. 4.1 can be expressed as in 
Eq. (4.1): 


Mat. Input - Mat. Output + Recycling = Stock variation + Dissipation (4.1) 


By extracting the ore from a mine, the quality (or exergy) of the ore increases, 
even though an even greater amount of external exergy (effort) is spent in the pro- 
cess. The raw material backpack has thus two components: one is the overall impact 
of a given mineral’s extraction and the other, the debt generated in provoking dis- 
persion. Each particular raw material has an environmental cost associated with 
its dispersal”. So anything that reduces new extraction is positive: substitution®, 
miniaturisation, recycling, material use and extraction efficiency, as will be exten- 
sively discussed in Chap. 16. From the standpoint of future generations having 
raw material in a “store” instead of in the mine would be a good inheritance. All 
associated environmental impacts would then simply be a matter of the past. This 
is something similar to the ancients leaving of the pyramids or the cathedrals for 
humanity’s future enjoyment. 

The problem for the future generations, seeing as minerals are not placed in 
stores, arises with dispersion. Anything which ends up dispersed coupled with an 
increased demand requires replacement, either by recycling or yet more extraction. 
Each time Man draws on non-renewable resources, without replenishing them, they 
become irreversibly lost. Yet there is no way of appraising which valuable ma- 
terials mankind has already lost or set to lose forever. This is because scarcity 
and the effort needed to replace non-renewable resources is absent in conventional 
accounting methodologies. 

Dispersion is thus the key to understanding the pathway of raw materials and 
the need to develop new and more robust accounting systems and methodologies. 
But dispersion of raw materials has not been sufficiently considered in economic 
analyses. It has been ignored as a materials availability loss and it is viewed as a 
pollution problem, more than anything else. Dispersion is thus only accounted by 
material balance (as occurs with heat in energy balances): 


Extraction + Recycling - Societal stock = Dispersion (4.2) 


?Dissipation also occurs in previous stages of a mineral’s (i.e. in the manufacturing as well as 
the use stages). 

3Under this light, substitution of a raw material for another would make sense if both parts of 
the backpack decrease. 
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As has been seen in the previous chapters, neither the economic nor physical ac- 
counting systems are sufficiently robust to comprehensively assess mineral resource 
depletion. However, the energy, water and materials required for mining, refin- 
ing, manufacturing, using, recycling and even landfilling materials, are generally 
well accounted through Life Cycle Assessments i.e. in a cradle-to-grave approach. 
The authors refer to such methodologies as “over the rainbow” (OTR) accounting 
procedures. But these take into account, only partially, the problem of mineral 
depletion. 

In the authors’ view, this is because there is a lack of theory behind the method- 
ology, rather than a lack of indicators. Partial or total cradle-to-grave assessments, 
for example, compose only a semi-circle. They lack the other half: the grave-to- 
cradle assessment. In the same way that imaginary numbers can hardly be explained 
in real space, some phenomena like depletion may be better explained in the “down 
the rainbow” (DTR) approach. The over the rainbow represents real consumption, 
whilst the down the rainbow relates to the debt that Man acquires over consecutive 
generations. 

Certainly the feat of decelerating mineral extraction can only be achieved if the 
material cycles begin to close as stated by McDonough and Braungart (2002). And 
to close them, one must study the impact of processes not just from the cradle to 
the grave but from the cradle to the cradle (from Nature to Nature). It is not really 
a matter of drastically reducing or removing the detrimental effect wastes have on 
the surrounding environment but rather how society can rejuvenate and convert 
them back into “stocks”. 


4.3 The view over the rainbow: cradle to grave 


An evaluation of abiotic resource depletion can be arguably undertaken through Life 
Cycle Assessments (LCA) . However, as discussed next, the conventional approach 
does not adequately reflect mineral dispersion. This is because Life Cycle Assess- 
ments are by definition cradle-to-grave methodologies. Their aim is to assess the 
environmental impacts associated with a product, process or service throughout its 
life by making inventories of material resources, energy inputs and environmental 
aspects. These assessments provide information regarding losses of renewable na- 
tural wealth from a microeconomic scope, linking impacts with causes. 

Two main international standards, ISO 14040 and ISO 14044 describe the re- 
quired and recommended elements of a LCA and identify four phases: 1) Goal and 
Scope; 2) Life Cycle Inventory (LCI); 3) Life Cycle Impact Assessment (LCIA) and 
4) Life Cycle Interpretation. Additionally, the product life cycle can be conveniently 
divided into the following stages (EPA, 2003; Norgate et al., 2007): 


e cradle to entry gate (mining and processing) 
e entry gate to exit gate (product manufacture) and 
e exit gate to grave (product use, recycling and disposal) 
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Life cycle assessments provide a significant step forward in evaluating the impact 
of any anthropogenic action on the environment. In this way, LCAs have become a 
popular tool for evaluating consumed resources and environmental impacts of pro- 
ducts and services. Furthermore, they are becoming increasingly mature, flexible, 
comprehensive and transparent. 

The most widely used LCA programs are Sima-Pro* and GaBi°®. Both use the 
EcoInvent database®, which contains a very broad and in most cases unique “inter- 
national industrial life cycle inventory data on energy and material supply, resource 
extraction, chemical and metal use, agricultural aspects, waste management and 
transport services”. Even if this database deserves great merit, the reader will see 
in Chap. 7 that EcoInvent makes for very crude estimations of energy consumption 
and environmental impacts of metals production. 

Those databases used in a LCA are far from being sufficiently reliable since the 
compilation task is huge. In order to improve, they need to incorporate technological 
changes as quickly as they appear. The great variability of countries and practices 
also makes representative and reliable results for a number of studies difficult to 
obtain, for various reasons: a) the sample size of data might be short in many cases; 
b) what is valid for one country is not so for another; c) many data are obtained 
via non specific averages that cover either vast geographical areas or a lengthy time 
series d) allocation rules of environmental impacts for co-products along production 
chains are frequently a function of commodity market prices rather than physical 
objective causes. The latter are in fact dictated by their cost formation processes. 

Therefore whilst LCA software facilitates accounting procedures, their results 
may not only be subjective but highly suspect, especially if the data input is itself 
questionable (this is particularly the case for metals and minerals). More impor- 
tantly, in the cradle-to-grave path there is evidence to suggest that these accoun- 
tancy systems don’t regularly supply data regarding resource depletion. To address 
this topic, there have been various different methodologies proposed such as those of 
Finnveden and Ostland (1997); Weidema (2000); Lindeijer et al. (2002); Steen and 
Borg (2002); Steen (2006); Stewart and Weidema (2005); Yellishetty et al. (2009). 
These methodologies can be in turn categorised into four main groups (Finnveden 
and Ostland, 1997): 


(1) aggregation of energy and materials on energy and mass basis; 

(2) aggregation according to measure of reserve deposits and current consumption; 

(3) aggregation of energy impacts based on future scenarios, e.g., impacts associated 
with recovery to initial state; 

(4) aggregation of exergy and/or entropy production. 


4See http://www.pre.nl 
5See http://www.gabi-software.com 
6See http://www.ecoinvent.ch/ 
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There has been much debate about the suitability of the said methodologies and 
there is as of yet no definite approach. Each one entails non-resolved or controversial 
aspects that make them partly unsuitable for assessing abiotic resource depletion 
(Valero D. and Valero, 2013). Examples of such deficiencies are for instance the 
inability to adequately reflect the loss in functionality related to their use (for 
type 1 and 2) (Stewart and Weidema, 2005; Steen, 2006; Yellishetty et al., 2009); 
the fact that proven reserves are not static (for type 2) (Stewart and Weidema, 
2005); the arbitrariness in the future surplus energy calculation (for type 3) (Strauss 
et al., 2006); or the difficulty in understanding the concept of entropy or exergy as 
indicators and the issue surrounding the reference environment used for obtaining 
exergy values (for type 4) (Stewart and Weidema, 2005). 

In Valero D. and Valero (2013), the authors also discussed the strengths and 
shortcomings of the above methodologies, comparing them to the Physical Geo- 
nomics approach. It is to this the book now turns. 


4.4 The view down the rainbow: grave to cradle 


It has been argued that the methods for assessing resource depletion in LCAs must 
come from Thermodynamics and must take into account the Second Law (Géfling- 
Reisemann, 2008). 

Embodied energy and life cycle assessments are quite useful and far reaching 
techniques based on Thermodynamics that do not need rigorous definitions of 
energy. On the contrary, trying to fit a concept well established in energy eval- 
uations and LCAs into the Thermodynamic realm is something which needs to be 
done with care. This is because for many unrefined analyses one may use both the 
energy and embodied energy concepts interchangeably for exergy and exergy cost. 
They are in fact, anything but synonyms. Furthermore, both exergy and exergy 
cost require precise definition. 

The only rigorous way to build a reference baseline for the calculation of exergies 
and exergy costs is through the Second Law. This is required if one wants to 
develop a solid theory based on Physics rather than on a more or less reasonable 
set of conjectures. As is well known, results derived from a conventional LCA are 
relative to the chosen system boundaries with no absolute values existing for a given 
good or service. Notwithstanding, if one starts the analysis from a hypothetical 
grave in which all the commercial minerals and fossil fuels have been depleted, 
i.e., Thanatia, this would then serve both as a boundary limit and as a reference 
baseline, appropriate for calculating the exergy and exergy costs of any commodity 
at industry’s gate. Theoretically speaking, one would then get absolute LCA values 
by converging the LCA approach with Second Law analysis through Thanatia as 
a reference baseline. Hence, Thanatia could be used as the starting point for the 
assessment of abiotic resource depletion. 
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Accordingly, from the Physical Geonomics position, the authors propose a new 
stage in LCA’s cradle-to-grave methodology, namely the grave-to-cradle approach, 
leading to a closed material cycle: cradle-grave-cradle as depicted in Fig. 4.2. 
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Fig. 4.2 Closing the material’s cycle: the cradle-grave-cradle approach. Reprinted from Valero D. 
and Valero (2013) 


For millions of years, Nature has formed and concentrated minerals through var- 
ious geological activities such as magmatic separation, hydrothermal, sedimentary 
and residual processes (Reservoir #0 to #1), forming the currently existing stock 
in Nature or Reservoir #1. Its existence, allows society to save huge amounts of 
energy, which would be otherwise used if one were to extract materials from the 
common bedrock. 

The difference between Reservoir #40 and Reservoir #1 is the bonus provided 
by Nature and represents a hidden avoided cost that Man doesn’t need to spend. 
It can be assimilated by the grave-to-cradle stage of a LCA. 

The stock in industry or Reservoir #2, meanwhile, consists of all the materials 
which have already been extracted and are ready as raw materials for their later 
transformation into products. The extraction, concentration and refining of mate- 
rials in the cradle-to-gate stage (Reservoir #41 to #42) and referred to as beginning- 
of-life (BoL) implies an obvious reduction of natural stock, with minerals extracted 
from mines and fossil fuels burnt in the associated processes. 
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These raw materials are then converted into useful products in the entry-gate- 
to-exit-gate, becoming part of the stock in use (Reservoir #2 to #3). At a product’s 
end-of-life (EoL) it becomes a waste - either in the form of pollution (Reservoir #0) 
or as a heterogeneous mix in landfill (Reservoir #4). Fortunately, an increasingly 
important amount of such products are recycled before or after being disposed of in 
landfills. In the latter case the process is referred to as urban mining (a much more 
energy intensive process than new or old scrap recycling - see Sec. 14.4). In any 
recycling option, the replacement costs (which are hypothetical) as well as those 
relating to mining and concentration are saved, remaining manufacturing costs and 
those associated to the corresponding FoL technologies (see Sec. 14.5). Yet, despite 
such initiatives and even incentives, most products end up as wastes (Reservoir #4) 
becoming eventually degraded and dispersed, prior to arriving at the final resting 
place (to the grave #0), that is to say, Thanatia. 

In this way, at least four main costs in the life cycle of a product come into 
play (Fig. 4.2). The first one, representing the hypothetical effort Nature spent in 
producing minerals in a concentrated state, is in fact a hidden and avoided and cost 
and belongs to the DT'R path. The second one is that associated with the BoL, 
i.e. with mining, mineral processing, smelting and refining. The third relates to 
the fabrication and manufacturing costs resulting from transforming raw materials 
into useful products. The last, the EoL (recycling) costs are pretty self-explanatory 
and increase as the end-of-life material approaches the landfill stage. 

Even though Fig. 4.2 is a general diagram, each particular substance may have its 
own one. The size and the rate of change for each reservoir depends on the quantity 
available of the raw mineral (R#1), the annual rate of mineral extraction (R#1 to 
R#2), the annual rate of disposal (R73 to R#4), the annual rate of recycling (R#4 
to R#2), the rate of unrecoverable mine tailings (R#1 to R#0), and the rate of 
unrecoverable losses found in any process generally (R#i to R#0). Each reservoir 
should have at least three inventory properties: quality, as expressed in terms of 
1) concentration and 2) chemical composition and 3) quantity, expressed in the 
amount of each material at a given quality. Also the relative position of reservoirs 
in the y-axis depends on how the quality and quantity of the given reservoir varies 
with time, due to rates of processing and technological improvement. 

Following Fig. 4.2, the authors propose two possible physical indicators for each 
reservoir. One is pure exergy and the second, exergy cost. As will be seen in 
Chap. 11, exergy is still an insufficient unit for the realistic quantification of re- 
source depletion, meaning one should then resort additionally to exergy costs. The 
authors refer to exergy cost (in MJ) of a product as the actual exergy expenditure 
in its production process, once the limits of the analysis, the process itself and 
the efficiencies of each process component have been defined. This also implies a 
definition as to what can be considered a feedstock, raw material, fuel, product, 
byproduct or waste. 
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The mining and refining exergy costs (in MJ) can be defined as the actual 
exergy expenditure needed to extract, concentrate and refine a given mineral to 
produce a given material. Since these values are real and belong to the “over the 
rainbow” path, calculating exergy costs is equivalent to obtaining embodied exergies. 
Assessing these costs permits an identification of the generic process R#1 to R#2 
shown in Fig. 4.2. 

In the “down the rainbow” path, the aim is to obtain the exergy replacement 
costs of minerals from a hypothetical grave to the cradle. Since such processes do 
not exist in reality, exergy replacement costs cannot be seen as embodied exergies, 
as it happened in the previous case. Such costs are thus more complex to assess 
and two possible routes can be considered: an indirect and a direct one (Valero and 
Valero D., 2010). 


(a) Indirect route (R#40 > R#2 > R#1). Let’s first suppose one wants to obtain a 
given material from the bare Earth’s crust using current technology. That is to 


say that one wants to assess the exergy cost needed to extract the material from 
the “common bedrock”. Steen and Borg (2002) provide some examples of indus- 
trial processes that could be used for assessing the energy (exergy) expenditure 
to reach R#2 from R#0 for a given material. Fortunately, current industry 
knowledge relating to real chemical reactions and concentration methods can 
provide approximate values of this exergy expenditure. So most mineral de- 
posits are in the form of sulphides, oxides and other chemical substances which 
are quite familiar to those in the chemical industry. Data on how to obtain 
these substances from the corresponding silicates or other reference substances 
are reasonably easy to find in most cases. Once the exergy cost of the mate- 
rial in R#2 has been calculated, the exergy replacement cost of the mine in 
R#1 can be easily obtained as the difference between the exergy in R#2 minus 
the real exergy costs of extraction, concentration and refining (the process be- 
tween R#1 — R#2). Thus the exergy replacement cost of the mine can now 
be interpreted as an “avoided cost” (MJ) that Nature provides without charge 
in the form of a naturally concentrated material. This can be mathematically 
expressed as in Eq. (4.3): 


Bir#0-+R#1) = Bir#0-+R#2) = Bingi+R#2) (4.3) 


(b) Direct route (R#0 — R#1). This second route consists of directly assessing the 
“exergy bonus” (that which Nature provides freely) found in naturally occurring 
deposits. For this reason, the exergy replacement cost of a mineral deposit 
(in MJ) is defined as the exergy that would be expended in recovering the 
deposit from Thanatia (steps R#40 > R#1 in Fig. 4.2) with currently available 
technology. Therefore, the calculation of these costs requires a definition of 
the hypothetical processes R740 — R#1 for the mining and concentration of 
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those substances in Thanatia into the mineral ores currently found in natural 
deposits. 


Common sense will regard route (a) as the most logical, since one can always 
compare the exergy needed to extract a material from a mine with that of taking it 
from bare rock. However the thermodynamic procedure in (b) does not conceptually 
differ from the indirect route and the same formulas apply. Therefore the avoided 
exergy cost of route (a) can be approximated to the mineral exergy bonus of a given 
deposit as obtained in route (b). It should be noted that the final result will depend 
on the technologies applied. Nevertheless, the order of magnitude (which is what is 
really being looked for) should not differ significantly. 

It is the direct route that will provide the basis for the subsequent calculations 
presented in the third part of this book and explained in detail in Chap. 12. 

It should be stated that the exergy replacement cost of minerals cannot be con- 
sidered as pure Physics. As opposed to pure exergy, it is not a thermodynamic pro- 
perty but rather an indicator which relies on the level of technological efficiency in 
the mining and refining of minerals. In this respect, Steen and Borg (2002) screened 
many current technologies available for obtaining metals from the bedrock and con- 
cluded that mining, crushing and grinding are some of the basic determinants in 
cost estimates. Also having observed technological developments throughout the 
last decades, it quickly becomes apparent that no major improvements have been 
introduced into mining, crushing and/or grinding. Massive changes in the near fu- 
ture are unlikely. Therefore and in terms of orders of magnitude, the question of 
technological dependence is closer to a theoretical conjecture than a real problem. 
So exergy replacement costs provide reasonable values and remain fairly stable with 
technological change. Furthermore, the conceptual drawback of being an indicator 
rather than a thermodynamic property, could be advantageous: any technological 
upgrade will be noted down as a success story, providing knowledge and not debt, 
to future generations. 

Hence, this book uses both indicators: exergy and exergy costs with a common 
reference baseline (Thanatia). One first defines the exergy for the reservoirs in 
Fig. 4.2 and then goes on to evaluate their exergy costs. Presented over time, they 
can give an indication as to the speed at which mineral degradation is occurring. 

In summary, exergy and exergy replacement cost constitute useful tools for re- 
source Classification according to their respective depletion states, since they give an 
idea as to the degree of resource quality, or what the authors name “thermodynamic 
rarity” as explained in the next section. 


4.5 Thermodynamic rarity 


A mine is a rarity in the Earth’s crust and is more valuable the rarer the mine- 
ral it provides. High concentration, suitable composition and weak cohesion are 
characteristics scarcely found in common bedrock: a gold mine provides the very 
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rare gold element in a concentrated state; a nickel sulphide deposit is preferred to a 
nickel oxide one (laterites) since the former involves considerably lower energy costs 
in the smelting process; a hard rock has a high crushing and grinding energy cost 
and this is why the cement industry prefers to buy comminuted limestone. Concen- 
tration, composition and cohesion are mineral properties that determine whether 
a mine is commercially exploitable or not. These properties, together with others 
such as proximity to customers, reduced environmental impacts or water availabil- 
ity encourages mining exploitation because of the savings in energy and operation 
costs. 

Mineral rarity requires a definition. When one thinks of rarity, there is a ten- 
dency to express it in terms of quantity (i.e. whether there is a little or a lot). 
However, the authors believe that this concept can be better described in energy 
terms. Therefore, mineral rarity could arguably be defined as “the amount of exergy 
resources needed to obtain a mineral commodity from bare rock, using the best avai- 
lable technology”. 

The authors in their mineral resource assessment have chosen the common bare 
rock (Thanatia) as the reference baseline. Accordingly, thermodynamic rarity of 
minerals is precisely defined as “the actual amount of exergy resources needed to 
obtain a mineral commodity from Thanatia to the market conditions using the cur- 
rent best available technologies”. Consequently a mineral’s “thermodynamic rarity” 
equates to its natural bonus (measured in terms of exergy replacement costs) plus 
its mining, beneficiation’, smelting and refining exergy cost. Rarity becomes thus 
a quantifiable thermodynamic property measured in kJ. Moreover, as it is addi- 
tive, indirect exergy costs related to water availability, environmental impact and 
transport from mine to customer can be incorporated into the definition. 

Thermodynamic rarity varies from mineral to mineral as a function of its ab- 
solute scarcity in Nature and the state of technological development. Generally 
speaking, if technology does not change, the thermodynamic rarity of a given mi- 
neral will remain more or less constant® since it depends on fixed initial and final 
states, 7.e, on Thanatia and on the commodity’s quality following refining, which is 
usually commercially imposed (see Fig. 4.3). That said, as minerals are extracted, 
ore grades decline and hence, mining, beneficiation and refining costs increase. Yet 
the natural bonus simultaneously decreases and it becomes “easier” to replace low 
quality resources (see Fig. 4.4). Hence why at constant technological conditions, 
thermodynamic rarity will also remain constant with the hidden avoided costs trans- 
formed into real ones as mining operations become more energy intensive. If, by 
way of contrast, technological improvements appear, thermodynamic rarity will de- 
crease due to the reduction of both, exergy replacement costs and “OTR” costs, 1.e. 
mining, beneficiation, smelting and refining costs (see Fig. 4.5). 


“Beneficiation refers to the processes required to concentrate the ore prior to the smelting and 
refining stages. See Chap. 7 for details. 

8Tn reality, it won’t strictly remain constant because as will be seen in Chap. 12, exergy replace- 
ment costs do not vary lineally with ore grade. 
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Fig. 4.3. The concept of thermodynamic rarity (xc, am and xg represent ore grades in Thanatia, 
the mines and post-refining, respectively) 


In the technosphere rarefaction appears both at the mineral’s beginning-of-life 
(BoL) and at its end-of-life (FoL). At the EoL it occurs when a metal or mineral 
loses its usefulness and becomes landfilled, incinerated and sooner or later dispersed 
into Thanatia, z.e. it “rarefies’. Its irreversible loss is accounted for by its exergy 
replacement cost. At the Bol, when the mineral is mined and beneficiated, what 
remains in the mine also rarifies, given that the concentration decreases as the limit 
of Thanatia approaches. As a consequence and as stated previously, the amount of 
exergy needed to extract the next tonne of mineral in turn increases. The rarefaction 
process therefore carries two costs, one at the BoL and the other at the EoL. 

In the authors’ view, rarity is not a closed question (i.e a simple yes or no) but 
rather a continuous function. Furthermore, it is not only a matter of ore grade 
or geological scarcity but of exergy costing. It has a bearing on global energy 
consumption and the sustainability of planetary resources because the greater the 
thermodynamic rarity, the more difficult it is to obtain a given commodity. In this 
respect, the economy of mine exploitation is better understood. This is because 
thermodynamic rarity might unify into a continuous indicator all the following con- 
cepts usually found in geological surveys serving to identify resources and reserves 
data: recoverable, unrecoverable, hypothetical, proved, indicated, inferred, etc. There 
is not an alternative single index that provides this knowledge. 

Moreover, thermodynamic rarity, as measured in energy terms, evidently relates 
to global energy consumption and the impact on the environment. The depletion 
problem thus becomes not an absence of materials but an insufficient provision of 
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Fig. 4.4 The influence of extraction on thermodynamic rarity, should technology remain constant 
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Fig. 4.5 The influence of technological improvements on thermodynamic rarity 


energy. So, as there is no materials without energy and equally no energy without 
materials, the problem is twofold or even threefold if one considers the associated 
environmental consequences of mineral extraction as shown in Chap. 1. 

This interpretation solves conceptual dilemmas in the classical mineral discourse 
providing answers to questions such as: are rare earths truly rare? REE are not 
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geologically scarce but dispersed and chemically challenging to isolate. So their 
depletion per se is not a problem since there are more REE in the crust than 
say copper. The issue comes in their thermodynamic rarity which is itself derived 
from several combining factors consisting of concentration, separation and chemical 
composition. Firstly, exploitable concentrations of RE E-containing minerals such 
as bastnaetsite, monazite or clays are difficult to find as they are highly dispersed. 
Secondly, REE occur all together. Some of them, like cerium and lanthanum are 
relatively abundant in comparison to the remaining fifteen. And not all are equally 
demanded, for instance dysprosium is mass used as a critical component in per- 
manent magnets. Thirdly, given that the chemical properties of all REE are very 
similar, their separation, mainly by ion exchange techniques, is complex and ineffi- 
cient as in the case of gadolinium (see Chap. 8). And finally, as with alkaline and 
alkaline-earth metals, REE need great amounts of energy in the reduction to their 
metallic state. Therefore in a number of applications, to save energy, reactants and 
effort, mischmetal, rare earth oxide, REO, or even the naturally occurring total 
rare earth oxide, TREO is commonly used instead of the pure metal. All of the 
above lead to REE having a very high exergy replacement cost and beneficiation 
cost, z.e. thermodynamic rarity, when compared to other metals. In short, rare 
earths are truly rare from a thermodynamic (exergy) perspective. 

Finally, this property could be used to properly value minerals in a way that 
protects the geological heritage and the mineral wealth of future generations. No 
matter how exhausted a mineral is, its value should consider: the actual amount 
of resources needed to convert a mineral into a commodity and its replacement 
cost. As ore grades continue to decline over time, it is important that the current 
replacement cost is converted into money that can then be used to offset the higher 
extraction costs sure to be experienced into the future. And, as thermodynamic 
rarity can be considered almost constant throughout time (provided that technology 
does not dramatically change), the cumulated replacement costs converted into 
monetary values should represent the price that former generations would have 
to pay those of the future. Obviously, this also means that the current market 
prices of mineral commodities should increase so as to include replacement costs 
and reach a stabilised value no matter their current ore grade. Such thinking is a 
step towards what constitutes a thermodynamic solution to the very much sought 
after intergenerational justice. 


4.6 Summary of the chapter 


The extraction of materials from the Earth’s crust implies a net reduction of Na- 
ture’s exergy stock. This is because one is currently unable to recycle all materials 
that are mined. Consequently, the Earth is approaching, albeit gradually, a de- 
graded planet of minimum exergy, with an absence of fuel and non-fuel mineral 
deposits, simply as a consequence of the Second Law. 
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The authors have presented in this chapter the Physical Geonomics methodol- 
ogy, which is aimed at measuring the costs that Man saves (avoided costs) thanks 
to having minerals concentrated in mines and not dispersed throughout the crust. 
The exergy replacement cost provide a measure of the “natural bonus” lost through 
extraction. It quantifies value, as it relates to concentration, chemical composition 
and cohesion, key aspects that determine whether a mine is exploitable. Together 
with mining, beneficiation, smelting and refining costs, it is a measure of the ther- 
modynamic rarity of mineral resources, understood as the amount of exergy needed 
to obtain a mineral from bare rock (from Thanatia). 

Exergy replacement costs allow for a more comprehensive LCA by including a 
new stage in the analysis: the grave-to-cradle path, thereby closing the material’s 
cycle: cradle-grave-cradle. This path is based on quantifying the exergy costs re- 
quired to replace the extracted minerals with current available technologies, from 
a completely degraded state (Thanatia), to the conditions currently found in Na- 
ture. Thanatia is a conceptual crepuscular planet which is quantitatively analysed 
through an estimated reference model of the Earth’s commercial end, where all 
resources have been extracted and dispersed, and all fossil fuels have been burnt. 

However, before one is able to construct any theoretical planet, one must un- 
derstand the reality in which it is based, i.e. the geochemistry of the Earth (atmos- 
phere, hydrosphere and crust). Subsequently, one must evaluate the resources and 
the way and speed at which society exploits them. Technology plays an important 
part in this and it is therefore imperative that its current state is determined, so 
that a comprehensive calculation of exergy costs may be undertaken. This will be 
seen in Part 2 of this book. 
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PART 2 


Over the Rainbow: From Nature to 
Industry 
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Chapter 5 


The Geochemistry of the Earth 


5.1 Introduction 


In this chapter a comprehensive analysis of the geochemistry of the Earth is un- 
dertaken as the starting point for assessing its thermodynamic properties. The 
geochemical features of each layer of the Earth are described: the atmosphere; hy- 
drosphere with the oceans, surface and ground waters as well as ice sheets; and the 
crust, with a focus on its upper part. 


5.2 The bulk Earth 


The Earth is an approximately spherical body, 12.756 km in diameter and 5.98 x 
1074 kg (Beichner et al., 2000). Its physical and chemical peculiarities have allowed 
the existence of planetary life. The solid Earth is divided into the crust (continen- 
tal and oceanic), mantle and core. The lithosphere, meanwhile is the term used to 
describe the rigid strong outer layer of the Earth. At approximately 100 km thick, 
it consists of the crust and upper mantle.The external layers above the crust are the 
hydrosphere and the atmosphere. The mantle and core are the largest, accounting 
for 67 and 33% respectively of the total planetary mass (Javoy, 1999). The crust, 
hydrosphere and atmosphere together, make up less than 1%, yet provide the nur- 
turing and nourishing habitat in which the human species lives. Incidentally it is 
only this small fraction which is available for direct study and analysis. Therefore 
it is necessary to use indirect methods to estimate the Earth’s inner composition. 


5.2.1 The composition of the Earth 


In terms of materials, the Earth can be considered as a closed system containing a 
finite number of substances, except for the very occasional contribution of meteorites 
(Mason, 1966). The Earth’s spheres are large reservoirs and between them there 
are material flows that balance out and thus keep their compositions near constant, 
as is the case for the atmosphere, hydrosphere and continental crust. 
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Table 5.1 Composition of the main spheres and of the whole Earth (Javoy, 1999) 


Mantle Oceanic Contin. Core Oceans Atmos. Whole 
crust crust Earth 

% vol 81.89 0.085 0.44 17.56 0.033 1.48E-08 100 
% 6 0.072 0.36 32.54 0.023 0.842 ppm 100 
mass 
O 44.12 44.33 47.25 3 88.889 23.16 30.76 
Si 20.89 23.1 27.58 14 16.39 
Mg 25.09 4.66 2.65 0.0053 16.82 
Al 1.24 8.47 8.36 0.87 
Ca 1.49 8.07 4.57 0.0412 1.02 
Fe 6.53 8.17 5.13 80 30.43 
Ni 0.17 0.3 4.65 1.63 
Ti 0.058 0.9 0.42 0.04 
Cr 0.169 0.2 0.77 0.36 
Mn 0.081 0.11 0.09 0.57 0.24 
Na 0.14 2.08 2.37 1.0764 0.10 
S 0.01 4 0.0902 1.31 
K 0.03 0.12 1.58 0.0398 2.59E-02 
U 5E-12 2E-11 1.00E-06 6.96E-12 
Th 1.2E-11 4.4E-11 3.50E-06 2.07E-11 
Cl 1.9383 4.46E-04 
Br 
B 0.0005 1.15E-07 
C 0.04 0.0028 2.68E-02 
N 75.56 6.36E-08 
Rare 1.28 1.08E-09 
gases 


Table 5.1 shows the composition of the main layers on Earth based on Javoy 
(1999). Only four elements constitute nearly 95% of the Earth’s mass. In order 
of abundance, these are O, Fe, Mg and Si. The relative importance of Mg relies 
on the geochemistry of the mantle, rather than on the other layers of the solid 
Earth. Silicon and iron predominate in the upper crust and core, respectively. 
Other estimations were given by different authors such as Mason (1966), Ringwood 
(1966), Ganapathy and Anders (1974) and Smith (1979a). All primary upper mantle 
compositions agree to within a few percent relative to major and minor elements. 
For the core, the composition is not so strictly defined but the general agreement is 
on Fe — Ni -— Co— Cr — Mn— Si— O-—S combinations. Yet, as stated by Javoy 
(1999), the only significant discrepancy between chemical models of the Earth lies 


in the lower mantle. 

If one only takes into account the outer layers, i.e. the continental crust, hydro- 
sphere and atmosphere, these constitute 92.87%, 3.15% and 0.0712% by volume, 
respectively. 
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5.3. The atmosphere 


The atmosphere is the colourless, odourless and tasteless gaseous envelope sur- 
rounding the Earth. Its relative mass compared to the other spheres of the Earth 
is minuscule (see Table 5.1). Nevertheless, it is a crucial geochemical reservoir, 
providing conditions essential for sustaining life by supplying Oz, CO2, moisture 
and many nutrients. The atmosphere also plays a very direct role in controlling the 
Earth’s climate reducing the temperature extremes between day and night and via 
the absorption and scattering of sunlight including infrared radiation. 

The atmosphere is made up of several layers with different qualities (Turekian, 
1969; Kendall et al., 1974; Strahler, 1975): 


e The troposphere is the lowest atmospheric layer. It begins at the planetary 
surface and extends between 7 to 17 km. It contains over 75% of all the at- 
mospheric gases and vast quantities of water and dust. Almost all weather and 
climatic phenomena that physically affect Man take place within the tropo- 
sphere, caused by the churning of its mass. The troposphere is the region in 
which the infrared radiation is absorbed mainly by water vapour which is an 
important factor in surface temperature. 

e The stratosphere extends from the troposphere about 50 km. This thin layer 
constitutes 19% of the atmospheric gases and a small quantity of water vapour. 
Temperature increases with height because of the absorption of ultraviolet light 
by the ozone layer. 

e The mesosphere extends from about 50 km to the range of 80 to 85 km. The 
gases in the mesosphere are too thin to absorb much of the sun’s radiation 
but are thick enough to slow down meteorites. In this case, the temperature 
decreases with height. 

e The thermosphere begins at 80-85 km and ends at more than 640 km. The gases 
of this sphere are even thinner than those of the mesosphere, but they absorb 
ultraviolet light from the sun and as a consequence, temperature increases with 
height. 

e The ionosphere forms part of the thermosphere and is made up of electrically 
charged gas particles ionised by solar radiation. It plays an important role since 
it influences radio propagation to distant places on Earth. Furthermore, it is 
responsible for auras. 

e And finally the exosphere, which is the outermost layer of the atmosphere and 
extends from 500 to 1000 km up to 10,000 km. It is composed of free-moving 
particles that may migrate into and out of the magnetosphere. In this layer, 
gases get thinner and thinner until they drift off into space. 


The stability of the physical and geochemical conditions of the atmosphere is 
being altered by the action of Man through air pollution. The greatest source of 
emissions is created through the burning of fossil fuels, generating huge quantities 


108 Thanatia: The Destiny of the Earth’s Mineral Resources 


of carbon dioxide, methane and fluorocarbons. All are believed to contribute to 
global warming. Another consequence of mankind, due to the widespread use of 
chlorofluorocarbons, is the depletion of the stratospheric ozone which lowers the 
effectiveness of the atmosphere to protect biota against UV radiation. 


5.3.1 The chemical composition of the atmosphere 


In terms of its constituent gases, the atmosphere shows a notably uniform chemical 
composition to heights of about 100 km (Fyfe, 1974), except for water which varies 
with location and season as well as elevation. Above this altitude, the atmosphere 
becomes layered and non-uniform. The atmosphere is roughly composed by (volume 
content) 78% of usually inert nitrogen', around 21% of oxygen, 0.93% argon, 380 
ppm of carbon dioxide, a variable amount of water vapour (average 1%) and trace 
amounts of other gases. 

This mixture of gases is commonly known as air. The latest atmospheric geo- 
chemical advances are compiled in Keeling (2004). The main components of the 
troposphere and their origin are explained below based on the information provided 
by Turekian (1969). 


e Nitrogen in the presence of oxygen at the surface of the oceans combines to form 
nitrate in solution as the stable form. Both nitrogen and oxygen are maintained 
at their current levels by biological processes. Oxygen is more biologically 
controlled than nitrogen but both are dependent on the chemical actions of life. 

e The argon in the atmosphere is believed to have been produced by the radioac- 
tive decay of potassium-40 and released to the atmosphere via degassing. 

e Methane and carbon dioxide are closely tied to biological activity. Their pres- 
ence is directly sustained by production from bacteria and animals. 

e Manmade impurities such as sulphur dioxide and carbon monoxide, which are 
responsible for the physical discomforts of smog, are sometimes found in high 
concentrations in urban areas. 


A summary of the composition of the atmosphere at the start of the 21st century 
undertaken by Prinn (2004), from Brasseur et al. (1999) and Prinn et al. (2000) is 
given in Table 5.2. 


5.4 The hydrosphere 


The hydrosphere is the liquid water component of the Earth. It includes oceans, 
seas, lakes, rivers, rain, underground water, ice and the atmospheric water vapour 
contained in clouds. It covers about 70% of the planetary surface and is home to 
many plants and animals. The hydrosphere is in continuous motion through the 


lThe few exceptions are upon electrolysis by lightning and in certain biochemical processes of 
nitrogen fixation. 


Table 5.2 Gaseous chemical composition of the atmosphere (Prinn, 2004) 
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Substance Formula Mole frac. in dry air Major sources 

Nitrogen No 78.084 % Biological 

Oxygen O2 20.948 % Biological 

Argon Ar 0.934 % Inert 

Carbon dioxide CO2 360 ppm Combustion, ocean, 
biosphere 

Neon Ne 18.18 ppm Inert 

Helium He 5.24 ppm Inert 

Methane CH4 1.7 ppm Biogenic, 
anthropogenic 

Hydrogen 2 0.55 ppm Biogenic, 
anthropogenic, 
photochemical 

Nitrous oxide N2O 0.31 ppm Biogenic, 
anthropogenic 

Carbon CO 50-200 ppb Photochemical, 

monoxide anthropogenic 

Ozone O3 10-500 ppb Photochemical 

(troposphere) 

Ozone O3 0.5-10 ppm Photochemical 

(stratosphere) 

NMHC CrHy 5.0-20 ppb Biogenic, 
anthropogenic 

Chlorofluorocarbon CF2Cj2 540 ppt Anthropogenic 

12 

Chlorofluorocarbon CFCl3 265 ppt Anthropogenic 

11 

Methylchloroform CH3CCl3 65 ppt Anthropogenic 

Carbon CCl4 98 ppt Anthropogenic 

tetrachloride 

Nitrogen oxides NOx 0.01-1 ppm Soils, lightning, 
anthropogenic 

Ammonia NH3 0.01-1 ppb Biogenic 

Hydroxyl] radical OH 0.05 ppt Photochemical 

Hydroperoxyl HO2 2 ppt Photochemical 

radical 

Hydrogen H2O2 0.1-10 ppb Photochemical 

peroxide 

Formaldehyde CH20 0.1-1 ppb Photochemical 

Sulphur dioxide SO2 0.01-1 ppb Photochemical, 
volcanic, 
anthropogenic 

Dimethyl CH3SCH3 10-100 ppt Biogenic 

sulphide 

Carbon CS2 1-300 ppt Biogenic, 

disulfphide anthropogenic 

Carbonyl OCS 500 ppt Biogenic, volcanic, 

sulphide anthropogenic 

Hydrogen 2S 5-500 ppt Biogenic, volcanic 


sulphide 
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Table 5.3 Inventory of water at the Earth’s surface (Pid- 
wirny, 2006) 


Reservoir Volume, Mkm? % 
Oceans 1370 97.25 
Ice Caps and Glaciers 29 2.05 
Groundwater 9.5 0.68 
Lakes 0.125 0.01 
Soil Moisture 0.065 0.005 
Atmosphere 0.013 0.001 
Streams and Rivers 0.0017 0.0001 
Biosphere 0.0006 0.00004 
Sum 1408.71 100.00 


hydrological cycle, which is a conceptual model that describes the storage and move- 
ment of water between the biosphere, atmosphere, lithosphere and the hydrosphere 
(see Sec. 6.6.2 for more details). 

The planetary water supply is dominated by the oceans (see Table 5.3). In fact, 
more than 97% of all water on Earth is contained within them. The other 3% is 
held as freshwater in glaciers and icecaps, groundwater, lakes, soil, the atmosphere 
and biosphere (Pidwirny, 2006). The greatest portion of freshwater (75%) is in the 
shape of ice and permanent snow cover over the Antarctic, Arctic and mountainous 
regions. 

The remaining 25% referred to as renewable water exist as fresh and ground 
waters. Only 0.33% of the total amount of freshwater is concentrated in lakes, 
reservoirs and river systems (surface waters), which are not only the most accessi- 
ble but also very important water ecosystems. Considered in its entirety, the Earth 
has a comparatively stable water budget. Unfortunately most of it is overwhelm- 
ingly salty. Furthermore, freshwater is not evenly distributed over land territories. 
To compound matters, industrialisation and unsustainable land use practices are 
dramatically increasing water pollution and thereby threatening the world’s supply 
of potable water. 

In the following sections, the main water reservoirs of the Earth are analysed, 
stressing their abundance, economic importance and chemical compositions. 


5.4.1 Seawater 


The oceans account for a little over 70% of the Earth’s surface and comprise more 
than 97% of the hydrosphere. The volume of water contained in the ocean is about 
1.37 - 10° km? (Pidwirny, 2006). The Pacific Ocean is by far the biggest in the 
world, followed by the Atlantic and the Indian oceans (see Table 5.4). Oceans 
represent a relatively well-mixed system of considerable mass and potential com- 
mercial use. The prime functions of the oceans are those related to atmospheric 
behaviour. They constitute the only major source of atmospheric moisture for the 
continents and serve as gigantic “energy cells” for the receipt, storage, and release 
of the radiant solar energy that fuels the climate and weather. The thermohaline 
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Table 5.4 Volume of oceans and seas. Adapted from (Ency- 
clopaedia-Britannica, 2007) 


Name Volume, Mkm? 
Pacific Ocean 

without marginal seas 707.6 
with marginal seas 723.7 
Atlantic Ocean 

without marginal seas 324.6 
with marginal seas 354.7 
Indian Ocean 

without marginal seas 291 
with marginal seas 291.9 
Arctic Ocean 17 
Australasian Central Sea 9.9 
Gulf of Mexico and Caribbean Sea 9.6 
Mediterranean Sea and Black Sea 4.2 
Bering Sea 3.33 
Sea of Okhotsk 1.3 
Hudson Bay 0.16 
North Sea 0.05 
Baltic Sea 0.02 
The world ocean 1,370 


ocean circulation is responsible for the transportation of enormous volumes of cold 
waters, the movement of saltwater from the North Atlantic to the Northern Pacific, 
and for the bringing of warmer and fresher water in return (see Sec. 6.6.4.1 for more 
details). Aside from being a huge food reservoir, oceans can be a source of pure 
water (following desalination), chlorine and bromine. Salinity prevents seawater 
from having more economic potential and is thus frequently considered to be more 
of a liability than an asset. 


5.4.1.1 The composition of the seas 


Despite their overall size, the oceans are sufficiently uniform to make the description 
of their chemical nature fairly straightforward. Studies have shown that the relative 
compositions of major components are as follows: Nat, Mg?+, Ca?+, K+, Cl-, 
SO;”*, Sr?+, HBO;, CO}, B(OH)3, B(OH);, F~ and are constant (Culkin, 
1965; Brewer, 1975; Pilson, 1998; Millero, 1996). The first six ions make up 99.4% 
of the dissolved salts (see Table 5.5). Regarding minor elements, one of the most 
accepted seawater compositions is the compilation of Quinby-Hunt and Turekian 
(1983), listed in Table 5.6. 

Most of the chemical ions in the ocean are brought from river waters, which in 
turn receive them from rocks that have suffered weathering. An average composition 
of river waters given by Livingstone (1963) is listed in Table 5.8. As can be seen 
in Table 5.5 and Table 5.8 river and ocean chemical compositions are remarkably 
different. This is because the majority of ions found in seawater have residence 
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times of more than one million years. The salinity of oceanic water is about 35 
parts per thousand by mass but variations in a range of 33 to 38 have been observed 
(Henderson, 1982). Such fluctuations result from a number of physical processes 
that control the salt content of seawater such as temperature, rainfall, ice melt or 
land runoff. 

Not all seawater substances have an origin stemmed in the planetary crust. 
Indeed, the sea is a huge reservoir for many atmospheric substances including carbon 
dioxide. Through the air-sea interaction, all the air’s constituents can be expected 
to find their way into the ocean. These dissolved gases are classified into four general 
groups (Idyll, 1970): 


e The first group contains the inert gases: nitrogen, argon, helium, neon, xenon 
and krypton. These gases enter the oceans through the air-sea interface or 
through the introduction of aerated water from land runoff. 

e The second group is solely composed by oxygen, coming from the same sources 
as the first group, in addition to marine photosynthesis. 

e The third group also contains only one member, carbon dioxide. This gas is 
introduced into the sea through the carbon cycle. Specific sources of carbon 
dioxide include the atmosphere, land runoff and the ocean floor. Worthy of note 
is the oceanic acidification caused by an increase in dissolved carbon dioxide 
stemming from an anthropogenic origin. According to Hall-Spencer et al. (2008) 
and Caldeira and Wickett (2005), the surface ocean pH may lead to a drop of 
up to 0.5 units between 1900 and 2100. 

e The fourth group is simply the collection of all the remaining gaseous ingredients 
found in seawater. Its sources are chiefly air pollution, usually from industry 
and non-photosynthetic chemical reactions. Hydrogen sulphide resulting from 
the reduction of sulphate in the absence of oxygen is one example. 


Table 5.5 The average composition of 
seawater. Adapted from Millero (1996) 


Substance Concentration, mg/g 


Cl- 19.351 
Nat 10.784 
Mg?+ 1.284 
SO? 2.713 
Ca2+ 0.412 
Kt 0.399 
HCO; 0.107 
Br- 0.067 
Sr2t 0.008 
CO03- 0.048 
B(OH); 0.003 
F- 0.013 
B(OH)3 0.009 


Sum 35.198 
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Table 5.6: Predicted mean oceanic concentrations. Adapted from Quinby-Hunt 
and Turekian (1983) 


Element Species Concentration 
Hydrogen A 
Helium 1.9 nmol/kg 
Lithium 178 Hg/kg 
Beryllium 0.2 ng/kg 
Boron Inorganic Boron 4.4 mg/kg 
Carbon uCO2 2200 pg/kg 
Nitrogen No 590 ug/kg 
NO3 30 ug/kg 
Oxygen Dissolved O2 150 ug/kg 
Fluorine 1.3 mg/kg 
Neon 8 nmol/kg 
Sodium 10.781 g/kg 
Magnesium 1.28 g/kg 
Aluminum 1 ug/kg 
Silicon Silicate 110 pumole/kg 
Phosphorous Reactive Phosphate 2 pumole/kg 
Sulphur Sulphate 2.712 g/kg 
Chlorine Chloride 19.353 g/kg 
Argon 15.6 pumole/kg 
Potassium 399 mg/kg 
Calcium 415 mg/kg 
412 mg/kg 
Scandium < 1 ng/kg 
Titanium < 1. ng/kg 
Vanadium < 1 pg/kg 
Chromium Cr (tot) 330 ng/kg 
330 ng/kg 
250 ng/kg 
Manganese Dissolved Mn 10 ng/kg 
Iron 40 ng/kg 
Cobalt 2 ng/kg 
Nickel 480 ng/kg 
Copper 120 ng/kg 
Zinc 390 ng/kg 
Gallium 10 <> 20 ng/kg 
Germanium < 5 ng/kg 
Arsenic As (V) 2 ug/kg 
Dimethylarsenate 
Selenium Se (tot) 170 ng/kg 
Se (IV) < 
Se (VI) 
Bromine Bromide 67 mg/kg 
Krypton 3.7 nmol/kg 
Rubidium 124 mug/kg 
Strontium 7.8 mg/kg 
vere mg/kg 
Yttrium 13 ng/kg 
Zirconium ~ 1 Lg/kg 
Niobium < 1 ng/kg 
Molybdenum 11 Lg/kg 


Continued on next page... 
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Table 5.6: Predicted mean oceanic concentrations. Adapted from Quinby-Hunt 
and Turekian (1983). — continued from previous page. 


Element Species Concentration 
Ruthenium 0.5 ng/kg 
Rhodium 
Palladium 
Silver 3 ng/kg 
Cadmium 70 ng/kg 
Indium 0.5 ng/kg 
Tin 0.5 ng/kg 
Antimony 0.2 pg/kg 
Tellurium 
Iodine 59 pg/kg 
60 Hg/kg 
Xenon 0.5 nmol/kg 
Cesium 0.3 ng/kg 
Barium 11.7 Lg/kg 
Lanthanum 4 ng/kg 
Cerium 4 ng/kg 
Praeseodymium 0.6 ng/kg 
Neodymium 4 ng/kg 
Promethium 
Samarium 0.6 ng/kg 
Europium 0.1 ng/kg 
Gadolinium 0.8 ng/kg 
Terbium 0.1 ng/kg 
Dysprosium 1 ng/kg 
Holmium 0.2 ng/kg 
Erbium 0.9 ng/kg 
Thulium 0.2 ng/kg 
Ytterbium 0.9 ng/kg 
Lutetium 0.2 ng/kg 
Hafnium < 8 ng/kg 
Tantalum < 2.5 ng/kg 
Tungsten < 1 ng/kg 
Rhenium 4 ng/kg 
Osmium 
Iridium 
Platinum 
Gold 11 ng/kg 
Mercury 6 ng/kg 
Thallium 12 ng/kg 
Lead 1 ng/kg 
Bismuth 10 ng/kg 
Polonium 
Radon 
Radium 
Actinium 
Thorium < 0.7 ng/kg 
Proactinium 
Uranium 3.2 ug/kg 


End of the table 
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5.4.2 Renewable water resources: surface and groundwaters 


Despite their relative scarcity (see Table 5.3), renewable water resources in the form 
of lakes, streams? 
of life. They are the main suppliers of freshwater including that needed in the 
agricultural and industrial sectors. Many rivers are avenues of transportation and 


, rivers and groundwater play an important role in the maintenance 


can be dammed to provide hydropower. They may also have a great scenic and 
recreational value. 

The mean renewable global water resources are estimated at 42,785 km? /year, 
which varies with space and time. Table 5.7 presents the continental distribution 
and availability of water resources. Such information is based on a water balance 
approach by Shiklomanov (1999), who provided data for 51 countries. Other com- 
prehensive publications are the early works of L’vovich (1979), Gleick (2000) and 
the World Resources Institute (WRI, 2000). By absolute value, the largest water 
resources are those of Asia and South America. The smallest are in Europe and 
Australia and Oceania. 


Table 5.7 Renewable water resources and potential water availability by continent (Shiklo- 
manov, 1999) 


Continent Area, Water resources, Water 
M km? — km3/year availability, 
1000 m3/year 
Average Max Min per per 
km? capita 
Asia 43.5 13,510 15,008 11,800 311 3.92 
South America 17.9 12,030 14,350 10,320 672 38.2 
North America 24.3 7,890 8,917 6,895 324 17.4 
Africa 30.1 4,050 5,082 3,073 134 5.72 
Europe 10.46 2,900 3,410 2,254 277 4.23 
Australia and Oceania 8.95 2,404 2,880 1,891 269 83.7 
The World 135 42,785 44,751 39,775 317 7.6 


5.4.2.1 Stream, river and lake waters 


The nature of aqueous solutions, produced or modified by weathering is determined 
by several factors including chemical controls such as solubility and interface reac- 
tions, as well as environmental aspects such as climate, geology and the hydrological 
cycle. The chemical solutions derived from weathering may mix with water bodies 
that have not been involved directly. In turn, the mixed waters may be modified 
by further reactions such as a natural cation exchange with clay or other mineral 
phases or by anthropogenic activities. There is therefore a great variation in the 
concentrations of dissolved materials in lakes, streams and rivers. Nonetheless an 
extensive amount of available data allowed Livingstone (1963) to estimate the mean 
composition of world river water (see Table 5.8). 


2A stream is defined as a body of water that carries rock particles and dissolved substances and 
which flows down a slope along a clearly defined path. 
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Table 5.8 Mean chemical contents of 
world river water (Livingstone, 1963) 


Substance Concentration ug/g 


HCO; 58.4 
Ca?t+ 15 

SiOz 13.1 
SO? 11.2 
Cl- 7.8 
Nat 6.3 
Mg?2t 4.1 
Kt 2.3 
NO; 1 

Fe2+ 0.67 
Sum 120 


Li (1982), as shown in Table 5.9 and Gaillardet et al. (2004) undertook different 
compilations of the average concentration of the main trace elements found in rivers. 

Lake waters vary greatly in composition, not only from lake to lake but often 
within a single lake where marked temperature and compositional stratifications can 
occur. Reducing conditions often exist in the lower, more saline levels and these 
give rise to relatively high concentrations of nitrite ammonia and Fe?*. Reducing 
conditions may also lead to the production of hydrogen sulphide gas and the pre- 
cipitation of some metal sulphides (including those of iron). Silica and phosphorous 
may also be released from sediments. The thermocline zone, which separates the 
upper and lower levels of a lake by a notable change in temperature, prevents the 
diffusion of atmospheric oxygen into the reduction layer (Henderson, 1982). 


5.4.2.2 Groundwater 


Nearly all groundwater has its origin in rainfall. It is always slowly flowing to the 
ocean, either directly in underground aquifers or via surface flow upon enjoining 
with streams. 

The hydrogeochemistry of groundwater reflects the water’s source, the lithology 
of the aquifer and the local chemical conditions as influenced by temperature, pres- 
sure and redox potential. It constitutes less than 1% of the total water on Earth 
(Table 5.3) with a volume about 35 times greater than that lying in freshwater 
surface lakes or flowing in surface streams. White et al. (1963) classified the sources 
of groundwater as: 


e magmatic, 

e meteoric (e.g. precipitated and surface water), 

e connate (i.e. water trapped in the pore spaced of a sediment at the time of 
deposition), 

© oceanic. 
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Table 5.9 The average concentrations of elements in filtered river 
water. Concentration in ppb. Adapted from Li (1982) 


Element Concentration Element Concentration 


li 3 Mo 0.6 
Be 0.01 Ag 0.3 
B 10 Cd 0.01 
F 100 In 
Na 6300 Sn 0.04 
Mg 4100 Sb 0.07 
Al 50 I 7 
Si 6500 Cs 0.02 
fF 20 Ba 20 
S 3700 La 0.05 
Cl 7800 Ce 0.08 
K 2300 Pr 0.007 
Ca 15000 Nd 0.04 
Sc 0.004 Sm 0.008 
Ti 3 Eu 0.001 
V 0.9 Gd 0.008 
Cr 1 Tb 0.001 
Mn Ho 0.001 
Fe 40 Er 0.004 
Co 0.1 Tm 0.001 
Ni 0.3 Yb 0.004 
Cu f Lu 0.001 
Zn 20 Af 
Ga 0.09 Ta 
Ge 0.005 Ww 0.03 
As 2 Re 
Se 0.06 Au 0.002 
Br 20 Hg 0.07 
Rb 1 Tl 
Sr 70 Pb 1 
Y Bi 
Zr Th 0.1 
Nb U 0.04 


Extensive compilations of groundwater composition in Maryland and New York 
from different rock types were also recorded by White et al. (1963) as shown in 
Table 5.10. 


5.4.3 Ice caps, ice sheets and glaciers 


Glaciers, ice sheets and ice caps are huge masses of frozen water, formed on land 
by the compaction and re-crystallisation of snow. They are very important to the 
stability of the environment and the alternation of landforms. Glaciers also exert 
a direct influence on the hydrological cycle by slowing the passage of water. Like 
groundwater they are considered to be key natural reservoirs of freshwater. They are 
therefore extremely significant sources of water for human consumption, irrigation, 
electric power and other industrial uses, especially during the summer, when ice 
melt is highest and rainfall decreases. 
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Table 5.10 Constituents of groundwater from different rock 
types. Concentrations in ug/g (White et al., 1963) 


Serpentinite Shale 


Substance Granite 
Cations or oxide 

SiO2 39 
Al 9 
Fe 1.6 
Ca 27 
Mg 6.2 
Na 9.5 
K 1.4 
Anions 

HCO3 93 
CO3 0 
SO 32 
Cl 5.2 
F 0 
NO3 7.5 
PO. 0 


31 
0.2 
0.06 
9.5 
51 
4 
2.2 


5.5 


Around 10% of the Earth’s surface is covered by glaciers (~ 15.9 x 10° km? 
glacierised vs. 148.8 x 10° of total land surface (Knight, 1999)) of which 91% 
span Antarctica, 8% traverse Greenland and the rest make up the final 1% (see 
Table 5.11). If the rate of glacial melting is greater than the speed of accumulation, 
the glacier recedes; if it is less, it advances. Many recent studies on glacier runoff 
around the world have shown that the first possibility is the most likely, presumably 
due to climate change. Glaciers are estimated to contribute to 0.6 to 1% of the global 
annual runoff and current annual global glacial runoff ranges from 0.3x10° km° to 


1x10 km? (Jones et al., 2002). 


Table 5.11 Area of land surface covered by glaciers, together with esti- 
mates of volume and the equivalent sea level rise that the volume implies 


(Knight, 1999). 


Region Area, km2 Volume, km? ~= Sea _ level equi- 
valent, m 

Antarctica 13,600,000 25,600,000 64 

Greenland 1,730,000 2,600,000 6 

North America 276,000 

Asia 185,000 

Europe 54,000 200,000 0.5 

South America 25,900 

Australasia 860 

Africa 10 

Total 15,900,000 28,400,000 70.5 


There are two types of glaciers: valley glaciers which are topographically re- 
stricted, and ice sheets and ice caps which are not. Ice sheets, mostly found in 
Antarctica and Greenland, cover expansive areas > 5 x 104 km? and ice caps typ- 
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ically cover smaller ones, < 5 x 104 km?. Ice masses constrained by topography 
cover areas between 1 and 100 km? wide. 


5.4.3.1 The composition of glacial runoff 


The main source of water in most glacier systems is snow and/or ice melt. Some 
is also derived from rain and a little stems from geothermal melting and internal 
deformation (Paterson, 1994). 

Table 5.12 shows the chemical composition of glacial runoff compiled by Brown 
(2002). It also includes an estimation on the average composition of glaciers on 
Earth and the average weighted sum of each region. Glacial runoff as a dilute solu- 
tion containing ions Ca?+, HCO; , SO7_, with variable Na+ and Cl, is usually 


more dilute than that of the global mean river?. 


5.5 The continental crust 


The solid Earth is composed of several layers. These can be classified into the core, 
mantle and crust (see Fig. 5.1). The Earth’s centre, the core, lies about 2,900 km 
below the surface and is composed of an inner and outer part. The former is solid 
and approximately 1,250 km thick. The latter (approx. 2,200 km thick) is composed 
of dense molten metals, with a high concentration of iron (Wedepohl, 1971). The 
core is surrounded by a solid mantle of iron-magnesium silicates and oxides. It 
contains the inner mantle (between 300 and 2,890 km below the Earth’s surface) 
and the outer mantle (at a depth between 10 and 300 km). The outer shell covering 
the mantle is the crust. According to Rudnick (1995), it constitutes only 0.6% of 
the silicate Earth and is covered by geological rock formations and the oceans. 

The crust can be separated into oceanic and continental. The oceanic crust is 
on average 7 km thick and is composed of mafic rock types such as basalt. The 
continental crust is thicker at 40 km and contains virtually every rock type known 
on Earth. The structure of the continental crust is divided into the upper-, middle- 
and lower layers. Sometimes the middle and lower crust are grouped together. The 
deep continental crust is composed of granulite facies and begins on average at a 
depth of 23 km. The middle crust extends down from 8 to 17 km. Estimates indicate 
that it is composed of rocks in the amphibolite facies. The upper continental crust 
is the reservoir of the main minerals and other natural resources deemed useful for 
mankind. It is therefore, the principal object of study in this book. Furthermore, 
being the most accessible solid part of the planet, the upper crust has long been 
the target of geochemical investigations. According to Yoder (1995), the mass of 
the upper continental crust is about half that of the total, which corresponds to a 
volume of 6.55 x 10° km? and a radius of about 54+4 km. 


3See Table 5.8 for comparisons between river and glacier compositions. 


Table 5.12 The concentration of major ions in glacial runoff. Concentrations are reported in mg/l. Adapted from Brown 


(2002) 

Region Ca?* Mgt Nat kt HCO3 SOq Cl— 
Greenland 2.60-3.40 0.82-1.19 = 1.79-2.53 0.20-0.35 13.42-20.74 4.32-9.60 0.27-0.51 
Antarctica 1.44-26.01 1.45-4.07  8.28-32.2 0.03-4.30 5.55-97.62 1.63-57.61 0.01-17.01 
Iceland 2.20-7.00 0.36-1.45  0.69-11.0 0.11-0.47 11.59-34.78 1.25-6.24 0.51 
Alaska 11.00 0.44 0.57 2.39 26.24 12.48 0.03 
Canadian high Arctic  5.20-52.01  0.25-7.75 0.02-4.37  0.0039-1.53 12.81-42.1 2.83-187.2 

Canadian rockies 19.20-22.0  3.51-3.75 —0.09-0.83 0.23-0.36 54.3-56.13 = 18.24-24.96 — 0.03-0.43 
Cascades 0.70-1.60  0.10-0.24  0.06-0.39 0.38-1.45 5.06-6.10 0.38-1.39 

European Alps 0.40-12.8 0.07-1.69 0.11-2.11 0.23-1.29 0.67-24.41 0.48-11.52 0.02-1.56 
Himalayas 1.50-11.8 0.08-2.78 —0.57-1.49 0.86-1.99 12.20-44.54 7.68-19.68 0.02-0.37 
Norway 0.18-12.5 0.02-0.80 0.19-4.83 0.04-1.13 0.09-41.49 0.34-6.72 0.02-3.23 
Svalbard 2.40-20.0 1.20-6.54 2.53-6.21 0.20-1.60 6.71-57.35 4.61-36.49 0.09-5.27 
Average 12.69 2.59 18.44 1.98 48.15 27.38 era 


OCT 
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Fig. 5.1 Cutaway of the Earth. Redrawn from USGS (Watson, 1999) 


5.5.1 The chemical composition of the upper continental crust 


There are two basic methods employed to determine the composition of the upper 
crust (Rudnick, 1995): 


e establishing weighted averages of the compositions of rocks exposed at the sur- 
face and, 

e determining averages of the composition of insoluble elements in fine-grained 
clastic sedimentary rocks or glacial deposits and using these to infer upper-crust 
composition. 


The determination of the major element composition of the upper continental 
crust relies on the first method. It has been used by a variety of authors starting 
with Clarke (1889) and continuing with Ronov and Yaroshevsky (1969), Shaw et al. 
(1967, 1976), Eade and Fahring (1973), Condie (1993) and Gao et al. (1998). The 
results of these independent studies show a very similar composition for most major 
element averages except for rare earths (REE) which show significant differences. 

Estimates of the trace element composition of the upper crust rely on the natural 
sampling processes of sedimentation and glaciation. This method was suggested by 
Goldschmidt (1937, 1954), based upon the fact that glacial clays are compositionally 
representative of the crust from which they were derived. Another way of estimating 
crustal average compositions is taking advantage of the fact that elements that are 
insoluble during weathering are transported from the site of erosion to that of 
deposition. The concentration of these elements in sedimentary rocks may provide 
robust estimates of the average composition of their source regions. Relevant studies 
which analyse the composition of the crust through such methods are: Taylor and 
McLennan (1985, 1995), Plank and Langmuir (1998) and McLennan (2001). 
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Table 5.13 shows the average upper crustal compositions from the compilation 
works of Wedepohl (1995), McLennan (2001) and Rudnick and Gao (2004). These 
show that only eight elements account for 99% of the upper crust in weight; the 
most prominent among them is oxygen, which is responsible for almost half. 


Table 5.13: An average composition of the upper continental crust according 
to different authors. Elements in g/g 


Element Wedepohl McLennan Rudnick and 
(1995) (2001) Gao (2004) 

O 4.72E-01 4.72E-01 
Si 2.88E-01 3.08E-01 3.09E-01 
Al 7.96E-02 8.04E-02 8.15E-02 
Fe 4.32E-02 3.50E-02 3.92E-02 
Ca 3.85E-02 3.00E-02 2.57E-02 
Na 2.36E-02 2.89E-02 2.73E-02 
Mg 2.20E-02 1.33E-02 1.50E-02 
K 2.14E-02 2.80E-02 2.32E-02 
Ti 4.01E-03 4.10E-03 3.84E-03 
C 1.99E-03 

P 7.57E-04 7.00E-04 6.55E-04 
Mn 7.16E-04 6.00E-04 7.74E-04 
Ss 6.97E-04 6.20E-05 
Ba 5.84E-04 5.50E-04 6.28E-04 
F 5.25E-04 5.57E-04 
Cl 4.72E-04 3.70E-04 
Sr 3.33E-04 3.50E-04 3.20E-04 
Zr 2.03E-04 1.90E-04 1.93E-04 
Cr 1.26E-04 8.30E-05 9.20E-05 
Vv 9.80E-05 1.07E-04 9.70E-05 
Rb 7.80E-05 1.12E-04 8.40E-05 
Zn 6.50E-05 7.10E-05 6.70E-05 
Ce 6.00E-05 6.40E-05 6.30E-05 
N 6.00E-05 8.30E-05 
Ni 5.60E-05 4.40E-05 4.70E-05 
La 3.00E-05 3.00E-05 3.10E-05 
Nd 2.70E-05 2.60E-05 2.70E-05 
Cu 2.50E-05 2.50E-05 2.80E-05 
Co 2.40E-05 1.70E-05 1.73E-05 
Y 2.40E-05 2.20E-05 2.10E-05 
Nb 1.90E-05 1.20E-05 1.20E-05 
Li 1.80E-05 2.00E-05 2.40E-05 
Sc 1.60E-05 1.36E-05 1.40E-05 
Ga 1.50E-05 1.70E-05 1.75E-05 
Pb 1.48E-05 1.70E-05 1.70E-05 
B 1.10E-05 1.50E-05 1.70E-05 
Th 8.50E-06 1.07E-05 1.05E-05 
Pr 6.70E-06 7.10E-06 7.10E-06 


Continued on next page ... 
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Table 5.13: An average composition of the upper continental crust according 
to different authors. Elements in g/g. — continued from previous page 


Element Wedepohl McLennan Rudnick and 
(1995) (2001) Gao (2004) 

Sm 5.30E-06 4.50E-06 4.70E-06 
Hf 4.90E-06 5.80E-06 5.30E-06 
Gd 4.00E-06 3.80E-06 4.00E-06 
Dy 3.80E-06 3.50E-06 3.90E-06 
Cs 3.40E-06 4.60E-06 4.90E-06 
Be 2.40E-06 3.00E-06 2.10E-06 
Sn 2.30E-06 5.50E-06 2.10E-06 
Er 2.10E-06 2.30E-06 2.30E-06 
Yb 2.00E-06 2.20E-06 1.96E-06 
As 1.70E-06 1.50E-06 4.80E-06 
U 1.70E-06 2.80E-06 2.70E-06 
Ge 1.40E-06 1.60E-06 1.40E-06 
Eu 1.30E-06 8.80E-07 1.00E-06 
Mo 1.10E-06 1.50E-06 1.10E-06 
Ta 1.10E-06 1.00E-06 9.00E-07 
Br 1.00E-06 1.60E-06 
WwW 1.00E-06 2.00E-06 1.90E-06 
Ho 8.00E-07 8.00E-07 8.30E-07 
I 8.00E-07 1.40E-06 
Tb 6.50E-07 6.40E-07 7.00E-07 
Tl 5.20E-07 7.50E-07 9.00E-07 
Lu 3.50E-07 3.20E-07 3.10E-07 
Sb 3.00E-07 2.00E-07 4.00E-07 
Tm 3.00E-07 3.30E-07 3.00E-07 
Se 1.20E-07 5.00E-05 9.00E-08 
Cd 1.00E-07 9.80E-08 9.00E-08 
Bi 8.50E-08 1.27E-07 1.60E-07 
Ag 7.00E-08 5.00E-08 5.30E-08 
In 5.00E-08 5.00E-08 5.60E-08 
Hg 4.00E-08 5.00E-08 
Te 5.00E-09 

Au 2.50E-09 1.80E-09 1.50E-09 
Pd 4.00E-10 5.00E-10 5.20E-10 
Pt 4.00E-10 5.00E-10 
Re 4.00E-10 4.00E-10 1.98E-10 
Ru 1.00E-10 3.40E-10 
Rh 6.00E-11 

Ir 5.00E-11 2.00E-11 2.20E-11 
Os 5.00E-11 5.00E-11 3.10E-11 


End of the table 
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Table 5.14 Mineral classification based 
on Dana’s New Mineralogy (Gaines 
et al., 1997) 


I Native Elements 
II Sulphides 
III Oxides 
Hydroxides 
IV Halides 
Vv Carbonates 
Nitrates 
Borates 
VI Sulphates 
Chromates 
VII Phosphates 
Arsenates 
Vanadates 
Tungstates 
Molybdates 
VIII Silicates: 
- Nesosilicates 
- Sorosilicates 
- Cyclosilicates 
- Ionosilicates 
- Phyllosilicates 
- Tectosilicates 
IX Organic Minerals 


5.6 The mineralogical composition of the upper continental crust 


Rocks are indefinite mixtures of naturally occurring substances, mainly minerals. 
And minerals can be defined as naturally occurring inorganic solids that possess 
an orderly internal structure and a definite chemical composition. According to 
the International Mineralogical Association* more than 4,000 are known. Of these, 
around 150 can be termed “common”, 50 “occasional” and the rest “rare” or “ex- 
tremely rare”. The most frequently found minerals are the silicates, accounting for 
more than 90% of the Earth’s crust. The most common non-silicates are carbon- 
ates, oxides and sulphides. Minerals can also be classified according to hardness, 
crystal structure, specific gravity, colour, luster or cleavage. Table 5.14 shows one 
of the most commonly used mineral classifications based on chemical composition. 
Some of the main groups found in Nature are briefly discussed in Sec. B.1 in the 
Appendix, indicating which principal minerals are included in each group. 


4The International Mineralogical Association (IMA) is responsible for the approval and the nam- 
ing of new mineral species found in Nature. 
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Table 5.15 Crustal abundance of minerals. Data in percentage volume 


Mineral Wedepohl (1969) Nesbitt and Young (1984) 
Plagioclase 41.0 39.9 
Quartz 21.0 23.2 
Orthoclase 21.0 12.9 
Biotite 4.0 8.7 
Muscovite 5.0 
Chlorite 2.2 
Amphiboles 6.0 2.1 
Oxides 2.0 1.6 
Pyroxenes 4.0 1.4 
Olivines 0.6 0.2 
Others 0.5 3.0 


5.6.1 Early models of the mineralogical composition of the crust 


A great deal of effort has been placed in determining the chemical composition of the 
upper continental crust. Any published compositions have been frequently refined 
and improved by many authors throughout the last century. And yet in contrast, 
the mineralogical composition has been only superficially studied because of its 
complexity and heterogeneity. A preliminary average mineralogical composition of 
the crust was obtained by Wedepohl (1969, 1971), and Nesbitt and Young (1984) 
(Table 5.15). According to these authors, only ten types of minerals constitute the 
upper crust. 

To the authors’ knowledge, the first comprehensive mineralogical study of the 
upper crust was carried out by Grigor’ev (2007). It was a desk study based on the 
partially quantitative analysis of more than 3,000 rock samples, predominating from 
the USSR and US. As a result, Grigor’ev (2007) identified the mass concentration 
of the most important 265 minerals as shown in Table 5.16. 


Table 5.16: Average mineralogical composition of the upper continental crust 
according to Grigor’ev (2007). Results are given in percentage mass 


Mineral Abundance, mass % 
Native Elements 

Copper 4.10E-07 
Silver 1.20E-07 
Gold 1.80E-08 
Lead 1.80E-07 
Polixene 3.00E-10 
I-Platinum 3.00E-10 
Zinc 4.70E-08 
Bismuth 4.90E-08 
Tin 4.40E-08 
Graphite 1.20E-01 
Moissonite 7.00E-07 
Sulphur 9.00E-05 


Continued on next page... 
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Table 5.16: Average mineralogical composition of the upper continental crust 
according to Grigor’ev (2007). Results are given in percentage mass. — conti- 
nued from previous page 


Mineral Abundance, mass % 
Sulphides 

Tetradymite 1.60E-08 
Chalcocite 1.80E-07 
Bornite 2.20E-06 
Acanthite 3.90E-08 
Argentite 7.10E-08 
Pentlandite 8.40E-05 
Sphalerite 4.60E-05 
Metacinnabar 7.60E-10 
Chalcopyrite 1.10E-04 
Tetrahedrite 5.70E-08 
Freibergite 3.90E-08 
Fahlerz Group 

Cubanite 6.00E-06 
Pyrrhotite 2.90E-02 
Troilite 2.00E-07 
Nickeline 5.10E-06 
Galena 1.90E-05 
Cinnabar 5.90E-08 
Covellite 3.60E-06 
Cooperite 3.00E-10 
Antimonite/ Stibnite 4.40E-09 
Bismuthinite 9.20E-08 
Stephanite 3.50E-08 
Samsonite 2.80E-09 
Boulangerite 4.00E-10 
Pyrargirite 7.40E-08 
Violarite 7.60E-06 
Pyrite 6.30E-02 
Marcasite 1.20E-03 
Vaesite 7.60E-06 
Cobaltite 8.40E-07 
Gersdorffite 3.00E-06 
Lollingite 5.00E-10 
Arsenopyrite 8.80E-06 
Molybdenite 1.20E-05 
Realgar 2.80E-08 
Orpiment 8.50E-07 
Halides 

Halite 1.90E-01 
Chlorargyrite 4.50E-09 
Sylvite 6.60E-04 
Fluorite 2.20E-03 
Bischofite 2.60E-05 
Carnallite 1.30E-04 
Oxides 

Periclase 2.40E-08 
Spinel 2.40E-03 


Continued on next page... 
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Table 5.16: Average mineralogical composition of the upper continental crust 
according to Grigor’ev (2007). Results are given in percentage mass. — conti- 
nued from previous page 


Mineral Abundance, mass % 
Pleonaste 1.10E-05 
Magnetite 6.50E-01 
Ulvoéspinel 6.60E-02 
Jacobsite 3.00E-04 
Chromite 1.90E-04 
lotsite 1.40E-06 
Corundum 3.80E-03 
Hematite 7.90E-02 
Ilmenite 1.90E-01 
Perovskite 2.80E-05 
Loparite 1.00E-06 
Pyrochlore 1.00E-06 
Microlite 7.60E-09 
Quarz 2.40E+01 
Tridymite 6.60E-05 
Cristobalite 1.30E-03 
Opal 1.30E+00 
Pyrolusite 5.40E-04 
Rutile 1.10E-02 
Cassiterite 2.50E-06 
Hollandite 6.40E-04 
Ilmenorutile 2.50E-05 
Cryptomelane 2.50E-04 
Psilomelane 3.10E-04 
Todorokite 8.60E-05 
Vernadite 2.60E-05 
Anatase 1.80E-03 
Brookite 1.70E-05 
Columbite 6.60E-06 
Ferrotantalite 2.60E-07 
Delorenzite/ Tanteuxenite 6.60E-09 
Polycrase 4.00E-11 
Euxenite 6.60E-06 
Blomstrandite/ Betafite 9.00E-07 
Fergusonite 2.40E-06 
Baddeleyite 3.10E-07 
Thorianite 3.40E-08 
Uraninite 6.60E-06 
Aydroxides 

Hydragillite/ Gibbsite 4.30E-02 
Diaspore 5.50E-02 
Brucite 2.50E-04 
Goethite 8.50E-02 
Manganite 1.50E-04 
Boehmite 1.80E-02 
Carbonates 

Magnesite 1.50E-02 
Smithsonite 3.70E-08 


Continued on next page... 
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Table 5.16: Average mineralogical composition of the upper continental crust 
according to Grigor’ev (2007). Results are given in percentage mass. — conti- 
nued from previous page 


Mineral Abundance, mass % 
Siderite 1.20E-01 
Mg-Siderite 5.90E-03 
Rhodochrosite 1.20E-03 
Calcite 3.98E+00 
Dolomite 7.00E-01 
Ankerite 3.10E-02 
Aragonite 3.80E-02 
Strontianite 2.00E-07 
Cerussite 6.30E-07 
Azurite 2.50E-06 
Malachite 2.00E-06 
Dawsonite 1.80E-04 
Bastnasite 3.20E-04 
Bismutite 1.10E-07 
Sulphates 

Anhydrite 4.50E-02 
Celestine 1.70E-04 
Anglesite 3.30E-07 
Barite 7.30E-04 
Alunite 7.60E-09 
Jarosite 4.00E-04 
Kieserite 6.70E-04 
Gypsum 2.40E-02 
Wolframates 

Wolframite 7.80E-07 
Powellite 4.00E-08 
Scheelite 6.50E-06 
Wulfenite 4.00E-09 
Phosphates 

Xenotime 3.70E-05 
Monazite 1.30E-03 
Rhabdophane 3.30E-07 
Amblygonite 4.90E-08 
Apatite 1.30E-01 
Francolite 8.30E-03 
Britholite 2.10E-06 
Vivianite 1.30E-07 
Weinschenkite/ Churchite 3.70E-08 
Metatorbenite 7.40E-09 
Nesosilicates (single tetrahedrons) 

Phenakite 4.00E-06 
Forsterite 1.10E-02 
Olivine 3.70E-02 
Fayalite 3.90E-03 
Tephroite 1.40E-03 
Almandine 8.50E-01 
Spessartine 2.60E-03 
Grossular 2.50E-03 


Continued on next page... 
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Table 5.16: Average mineralogical composition of the upper continental crust 
according to Grigor’ev (2007). Results are given in percentage mass. — conti- 


nued from previous page 


Mineral Abundance, mass % 
Andradite 1.20E-03 
Zircon 1.00E-02 
Naegite 3.30E-08 
Tsirtolite 1.90E-06 
Thorite 5.70E-05 
Uranium-Thorite 8.60E-08 
Sillimanite 3.10E-01 
Andalusite 6.30E-02 
Distene/ Kyanite 2.20E-02 
Topaz 4.60E-04 
Staurolite 5.10E-02 
Sapphirine 2.20E-03 
Kornerupine 6.00E-04 
Chondrodite 2.20E-05 
Humite 1.00E-03 
Clinohumite 1.50E-03 
Braunite 2.70E-03 
Gadolinite 4.00E-06 
Titanite 1.80E-01 
Leucoxene 1.50E-02 
Murmanite 1.70E-05 
Dumortierit 7.60E-09 
Thortveitite 7.60E-09 
Yttrialite 1.60E-05 
Wohlerite 1.30E-11 
Lovenite/ Lavenite 2.50E-07 
Rinkolite/ Mosandrite 5.30E-09 
Lamprophyllite 5.00E-06 
Bertrandite 4.00E-06 
Lawsonite 2.40E-01 
Clinozoisite 4.10E-02 
Epidote 1.17E+00 
Zoisite 3.10E-02 
Orthite/ Allanite 4.80E-03 
Chevkinite 4.20E-07 
Pumpellyite 1.50E-02 
Vesubianite/ Idocrase 2.70E-02 
Prehnite 1.70E-01 
Cyclostlicates 

Eudialyte 1.10E-05 
Neptunite 2.50E-06 
Axinite -Fe 1.10E-05 
Beryl 1.60E-04 
Nordite 5.50E-08 
Cordierite 8.80E-03 
Tourmaline 4.30E-03 
Chrysocolla 2.70E-09 


Inosilicates (single and double chains) 


Continued on next page... 
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Table 5.16: Average mineralogical composition of the upper continental crust 
according to Grigor’ev (2007). Results are given in percentage mass. — conti- 
nued from previous page 


Mineral Abundance, mass % 
Pigeonite 6.90E-02 
Diopside 4.80E-01 
Hedenbergite 8.20E-03 
Ferrosilite 5.00E-02 
Spodumente 9.60E-07 
Jadeite 2.90E-03 
Aegirine 9.00E-02 
Omphacite 2.50E-04 
Augite 1.21E+00 
Enstatite 4.40E-02 
Bronzite 6.50E-02 
Hypersthene 4.30E-01 
Cummingtonite 4.60E-01 
Tremolite 5.50E-02 
Actinolite 3.90E-01 
Riebeckite 1.70E-01 
Arfvedsonite 3.10E-03 
Glaucophane 1.50E-03 
Crossite 5.10E-02 
Hastingsite 3.10E-01 
Hornblende 3.16E+00 
Anthophyllite 3.30E-03 
Gedrite 5.10E-03 
Aenigmatite 1.10E-04 
Wollastonite 5.70E-04 
Rhodonite 3.30E-04 
Miserite 1.80E-07 
Ramsayite/ Lorenzenite 5.00E-06 
Phyllosilicates (sheets) 

Talc 4.60E-02 
Pyrophyllite 1.00E-03 
Paragonite 5.60E-01 
Muscovite 1.99E+00 
Glauconite 1.30E-01 
Phengite 3.90E-02 
Phlogopite 1.30E-02 
Biotite 7.49E+00 
Lepidomelane/ Annite 7.60E-02 
Hydromuscovite/ Ilite 2.51E+00 
Hydrobiotite 4.80E-01 
Stilpnomelane 2.80E-02 
Montmorillonite 4.30E-01 
Beidellite 1.60E-01 
Nontronite 5.70E-01 
Vermiculite 5.40E-02 
Pennine 2.70E-01 
Clinochlore 6.90E-01 
Ripidolite/ Clinochlore 1.89E+-00 
Sepiolite 5.50E-01 


Continued on next page... 
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Table 5.16: Average mineralogical composition of the upper continental crust 
according to Grigor’ev (2007). Results are given in percentage mass. — conti- 
nued from previous page 


Mineral Abundance, mass % 
Thuringite/ Chamosite 1.20E-01 
Clementite 4.00E-03 
Chloritoid 3.30E-04 
Kaolinite 2.60E-01 
Serpentine/ Clinochrysotile 7.20E-02 
Garnierite/ Falcondoite 1.30E-05 
Hisingerite 1.80E-04 
Palygorskite 1.80E-04 
Tectosilicates (framework) 

Nepheline 6.20E-03 
Analcime 6.60E-03 
Anorthite 3.30E-02 
Bytownite 3.00E-01 
Labradorite 3.02E+00 
Andesine 6.56E+00 
Oligoclase 1.43E+01 
Albite 4.00E+00 
Orthoclase 9.81E+00 
Sanidine 6.10E-02 
Cancrinite 2.20E-05 
Sodalite 6.40E-05 
Hydrosodalite 2.50E-05 
Nosean 2.50E-04 
Helvine/ Helvite 4.00E-06 
Scapolite 1.80E-02 
Natrolite 8.80E-02 
Thomsonite 6.00E-02 
Palagonite 1.70E-02 
Basic Crystal 3.10E-01 
Acid Crystal 3.10E-02 
C org 1.10E-01 
Sum 99.51 


End of the table 


This book will take a closer look at the mineralogical composition of the upper 
Earth’s crust in Chap. 10, where based on Grigor’ev’s study, the authors will develop 
a methodology for obtaining a baseline required for assessing the exergy of the 
mineral endowment on Earth. 


5.7 Summary of the chapter 


In order to determine the thermodynamic properties of the Earth, its geochemistry 
should be analysed in detail. Consequently, the composition of each layer: atmos- 
phere, hydrosphere and continental crust has to be studied in terms of substances. 

This chapter has thus undertaken a comprehensive analysis of the physical and 
geochemical properties of the planet. First, a coarse composition of the bulk Earth 
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with the relative mass proportions of each sphere has been presented. This overview 
has given way to a more detailed explanation of the geochemistry of the atmosphere, 
hydrosphere and upper continental crust. 

The atmosphere is the gaseous layer surrounding the Earth. The troposphere is 
the lowest atmospheric layer and it is here where human beings interact the most. 
The chemical composition of the atmosphere is rather uniform up to heights of 100 
km. Apart from the naturally occurring gases, there are traces of anthropogenic 
substances in the atmosphere that are thought to alter, or have at least some influ- 
ence over the present conditions on Earth. 

The hydrosphere is the liquid water component of the Earth and includes sea- 
water (which constitutes over 97% of it); renewable water resources (rivers, lakes 
and groundwater); ice; and atmospheric water vapour. Renewable water resources 
as the main sources of freshwater, are essential for life on Earth. As opposed to 
seawater, no uniform composition can be applied but some examples and averages 
have been provided. Glaciers, ice sheets and ice caps have also been evaluated. 

The solid Earth meanwhile is composed by the core, mantle and crust. The 
crust is further divided into the lower, middle and upper part. The latter is the 
reservoir of the main minerals and other natural resources the planet provides for 
mankind. Being the most accessible it has been subjected to the greatest level of 
investigation. Its chemical composition in terms of elements is well known. How- 
ever, its mineralogical composition has been only superficially looked at and the 
literature surrounding this topic until very recently was extremely limited and in- 
accurate. Nevertheless, one single author, the Russian geochemist Grigor’ev has 
single handedly provided the most comprehensive mineralogical composition of the 
upper crust. His work is the basis of the exergy calculations and analysis developed 
by the authors in Chap. 10. 

To obtain a complete picture of the natural wealth on Earth it is now necessary to 
provide an inventory of the principal energy and mineral resources as accomplished 
in the following chapter. 


Chapter 6 


The Resources of the Earth 


6.1 Introduction 


In this chapter, a deeper look at the Earth’s components deemed useful to Man is 
undertaken. Consequently, a revision of energy and non-energy resources is carried 
out. This information will serve in a later chapter for assessing the exergy of the 
main resources on Earth. Energy resources have been divided into energy originat- 
ing from the solid Earth 7.e. nuclear and geothermal; tidal; and that derived from 
the sun, including solar, hydroelectricity, wind, biomass and hydrocarbons. After a 
general description of each, it shows all of the potentially available resources that 
Nature provides, those which could be effectively obtained using technology into 
the near future and those which are used today. In addition, mineral resources are 
studied, highlighting their abundance and average crustal concentration. 


6.2. Natural resources: definition, classification and early 
assessments 


A natural resource can be defined as any form of matter or energy obtained from 
the environment that meets a human need. Therefore water, air, oil, biomass or 
minerals are classified as such. Natural resources are frequently categorised as 
renewable or non-renewable. The former are defined as those that are regenerated 
within a human time scale. Examples include hydro, biomass or solar energy. On 
the contrary, the latter can be considered a stock that has a regeneration rate of 
zero over a relatively long period as is the case of minerals (Lujula, 2003). 

Minerals can be further classified as fuel and non-fuel resources. Fuel resources 
are those from which energy can be potentially extracted 7.e. coal, oil, natural gas 
or uranium. Non-fuel minerals include metals and industrial minerals. 

An early assessment of the renewable and non-renewable energy resources on 
Earth was undertaken by Hall et al. (1987) and can be seen in Table 6.1. 

The degree of knowledge about resources and technological development has 
improved notably since the eighties, when Hall et al. (1987) undertook the first 
review and this has led to better estimations of the available resources on Earth. 
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Table 6.1 World energy use in 1984 (Hall et al., 1987) 


Fuel Current use Proven re- Resources Resource 
source (EJ/y) serves (EJ) (EJ) uncertainty 
Coal 97.6 21,500 238,000 +20% 

Oil 127.3 4,300 10,000 -30% + 60% 
Gas 63.1 3,700 10,000 -40% + 70% 
Uranium 12.6 813 1,324 +50% 


- resource fi- 
gure assumes 
<$130/kg (re- 
serves + 20%) 


Tar - 550+ 1,600+- highly uncer- 

sands+ Oil tain 

shale 

Approx. 300.6 30,850+ 260,900-+ 

total 

Fluxes Practical Ultimate 

(EJ/year) potential 

Hydro 21.7 100 200 little 
uncertainty 

Biomass 47 80 720 highly 
uncertain 

Wind v. small 30 100 speculative 

Photovoltaic v. small infinite infinite rapidly 
reducing price 

Geothermal 0.1 large large 

Approx. 63.8 210 1,020+- 

total 

Overall 368.4 

total 


In the next sections, the numbers given in table 6.1 are updated and new figures 
are provided for additional resources. The results are summarised in Sec. 6.7. 


6.3. The energy balance 


The sun is the main source of energy sustaining life on Earth. According to Skinner 
(1986) and his later work (Skinner et al., 1999) the sun sends around 17.3 x 10'© W 
of power in the form of short-wavelength radiation towards the Earth. From this, 
approximately 30% is directly reflected by clouds and the planetary surface. Most 
rays thus pass through the atmosphere heating the Earth. These are responsible for 
the generation of winds, ocean currents, rain and snowfall. Such phenomena lead 
to a progressive depreciation of energy quality and therefore exergy losses. The 
devaluated energy in form of heat is sent back to space and the Earth’s surface re- 
mains in thermal balance. A proportion of solar radiation is used for photosynthesis 
and is temporarily stored in the biosphere as organic matter and eventually as a 
fossil fuel: coal, oil or natural gas. Another small fraction of solar-derived energy 
is stored in freshwater and saline reservoirs such as lakes, rivers and seas. But the 
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Fig. 6.1 Energy flow sheet for the surface of the Earth. After Skinner (1986) 


sun is not the sole source of energy on Earth. The third and smallest source is tidal 
energy produced from the interaction between the gravitational potential energy of 
the moon and the Earth’s rotation. It accounts for about 3 TW (0.002% of the total 
energy budget). The second greatest source, geothermal energy, offers some 23 TW 
or 0.013% of the total. This energy reaches the planetary surface in the form of 
volcanoes, hot springs or conduction and plays an important role in the rock cycle 
(see Fig. 6.11). 

Fig. 6.1 shows the energy cycle on Earth according to Skinner (1986), which was 
adapted in part from Hubbert (1962). 


6.4 Energy from the solid Earth 


Two different sources of energy come from the solid Earth. The first is geothermal 
energy, which whilst renewable, has found limited application on a global scale. The 
second is nuclear energy, coming from the mining of radioactive minerals, particu- 
larly uranium isotopes. The latter, although socially and politically controversial, 
constitutes a key source of energy for many countries. Both sources of energy will 
be explained in detail in the following sections. 
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6.4.1 Geothermal energy 


The temperature of the Earth’s interior increases with depth. This geothermal 
gradient varies in different parts of the world from 15 to 75°C/km and creates a 
heat flow leading to a heat loss escaping at the crust. The amount of heat escaping 
through the Earth’s surface is a consequence of the superposition of four components 
(Jaupart and Mareschal, 2004): 


Q=Qc+Qr+QBn+Qr (6.1) 


where Q is the heat input at the base of the lithosphere due to mantle convection, 
Qr is a long-term transient due to cooling after a major tectonic or magmatic 
perturbation and Q, is the radiogenic heat production in the mantle part of the 
lithosphere. Finally Qc is the radiogenic heat production of the crust which is due 
to the decay of the radioactive elements 2°°U, ?°°U, ?3?U and 4°K either in the crust 
or the upper mantle. For geological provinces older than ~100 million years, Q_, 
Qp and Qr are combined into a single parameter called mantle heat flow, denoted 
Qu. 

There are different ways to estimate the bulk crustal heat flow of the Earth. 
Some estimates (O’Nions et al., 1979; Allégre et al., 1988; Galer et al., 1989) are 
obtained by redistributing the heat producing elements in the bulk silicate Earth 
between the continental crust and the various reservoirs in the mantle. They require 
assumptions regarding the structure of the convecting mantle, the composition and 
the homogeneity of the reservoirs. Other estimates are based on measurements ei- 
ther from representative rock types and their proportions in crustal columns derived 
from geophysical profiles (Haack, 1983; Condie, 1993; Wedepohl, 1995; Borodin, 
1999) or on large-scale production data sets (Eade and Fahring, 1971; Shaw et al., 
1994; Gao et al., 1998). 

Jaupart and Mareschal (2004) estimated the bulk crustal heat production di- 
rectly from the heat flow data and local studies of the crustal structure. These 
authors obtained the values of heat production for three age groups: Archean, 
Proterozoic, and Phanerozoic (see Table 6.2). The average heat production was es- 
timated to be between 0.79 and 0.95 u.Wm-? and the crustal heat flow component 
ranged from 32 to 38 mWm-?, considering an average crustal thickness of 40 km. 
According to these numbers, the continental crust contributes between 5.8 to 6.9 
TW of the total energy budget of the Earth!. Active provinces and continental 
margins represent 30% of the total volume of the crust; a 50% error in their heat 
production would lead to a 15% error in the global budget. These percentages dif- 
fer from the values given by Skinner (1986), in which the flow is estimated to be 
63 mWm~? or 32.3 TW across the entire planetary surface (not only the crust). 
Extrapolating the values given by Jaupart and Mareschal (2004) to the Earth’s 
entire surface, would lead to an average geothermal energy contribution? of 17.9 
TW. 


1Should the continental crust be 7.3x10!8 m3. 
2For a total surface of the Earth of 5.12x10!4 m?. 
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Table 6.2 Estimates of bulk continental crust heat production from heat flow data 
(Jaupart and Mareschal, 2004). 


Age group Range of heat Range of crustal Fraction of total 
production heat flow, continental 
pWm-3 mWm-2 surface, % 

Archean 0.56-0.73 23-30 9 

Proterozoic 0.73-0.90 30-37 56 

Phanerozoic 0.95-1.10 37-43 35 

Total continents 0.79-0.95 32-38 


That said, geothermal energy represents only a tiny fraction of all geothermal 
heat. As with tidal energy, geothermal energy can only ever be important locally. 
According to the Renewables Global Status Report (Martinot, 2006), the 2005 world- 
wide geothermal capacity was 28 GW for direct thermal use and 9.3 GW for elec- 
tricity production. The latter figure increased to 10.7 GW in 2010 and is expected 
to grow to 18.5 GW by 2015, according to the International Geothermal Associa- 
tion. Meanwhile, the Geothermal Energy Association (Gawell et al., 1999) reports 
that geothermal resources using today’s technology have the potential to support 
between 35,448 and 72,392 MW of electrical generation capacity. Using enhanced 
technology (permeability enhancement, drilling improvements) which is currently 
under development, means that geothermal resources could eventually support be- 
tween 65,576 and 138,131 MW of electrical generation capacity. Assuming a 90% 
availability factor, which is well within the range experienced by geothermal power 
plants, as much as 1.09 x 10? MWh of electricity annually (124 GW) could be 
produced (Table 6.8). 


6.4.2 Nuclear energy 


Nuclear energy is derived from the huge binding force of the elemental nucleus. 
There are two kinds of processes that can release nuclear energy: fusion and fission. 

Fusion consists in binding together light elements, such as hydrogen and lithium 
and thereby forming heavier ones. This is how the sun creates its energy. It is 
however yet to be achieved in the laboratory under conditions where the energy 
produced exceeds the energy sacrificed to create it. Nevertheless, many scientists 
believe that it could be the solution for future energy supply and security. Her- 
mann (2006) estimated the exergy reservoir for the fusion cycle between deuterium 
(coming from the ocean) and tritium (bred from an isotope of lithium) as around 
74 Ttoe®. Furthermore, if deuterium, the isotope of 1 in every 5,000 hydrogen 
atoms, is fused with another deuterium nucleus at higher temperatures, the result- 
ing resource contained in the ocean would be in the order of magnitude of 10 million 
¥I*: 


31 tonne of oil equivalent (toe) is equal to 41.868 GJ. 
4A yottajoule (YJ) is equivalent to 1074 Joules. 
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Fission nuclear energy is produced during the controlled transformation of suit- 
able radioactive isotopes, when neutrons are fired into the nucleus. This process 
leaves the atoms unstable and subject to spontaneous disintegration. The crucial 
raw material for fission energy is uranium as it is the only naturally occurring fis- 
sionable atom (when mined it contains 0.71% of 73°U). Thorium, beryllium, lithium 
and zirconium are other low-demand raw materials with potential or specific uses in 
nuclear power production (Darnley, 1987). When 73°U undergoes fission, it releases 
heat and forms new elements whilst ejecting some neutrons from its nucleus. These 
neutrons are then used to induce more ?°°U to fission. According to Skinner (1986), 
once separated 73°U from ?3°U (an energy intensive process), the disintegration of a 
single atom releases 3.2 x 1071! J°. Eq. (6.2) shows a representative fission process 
ot Ly, 


on ten, U 32" Cs +39 Rb+3n+3.2x 10047 (6.2) 


Estimated uranium resources amount to about 13 Mt according to Grubler et al. 
(1998) and 14.8 Mt according to theOECD (2004), which represent an exergy reser- 
voir of about 23,800 and 27,100 Gtoe, respectively. Given the current state of 
technology, which makes use of only 0.7% of the natural fuel in a “once-through” 
fuel cycle, the reserves may last only a few hundred years (174 Gtoe). With fast 
spectrum reactors operated in a “closed” fuel cycle by reprocessing the spent fuel and 
extracting the unspent uranium and plutonium produced, the reserves of natural 
uranium may exceed 5,200 Gtoe (Table 6.8). And, if advanced breeder reactors are 
in the future to be designed to efficiently utilise recycled or depleted uranium and 
all actinides, then the reserves of natural uranium may extend to several thousand 
years at current consumption levels (OECD, 2006). 

Additionally, Hermann (2006), estimated the exergy reserves of thorium as 
around 7,500 Gtoe and of uranium in seawater at around 8,350 Ttoe. 

At the end of 2010, 5% of the world’s primary energy consumption was derived 
from nuclear power plants (see Fig. 6.4), which amounted to some 626.2 Mtoe. In 
France, about 40% of the electrical power comes from nuclear plants and in other 
European countries and Japan, the percentage is high too. IPCC (2007b) forecasted 
that some 279 - 740 GWe would be produced in 2030 should the proposed new plants 
and the decommissioning of old ones be considered. However, energy strategies 
regarding nuclear power have changed since the 2011 Fukushima accident®. In 
response to its aftermath, the International Atomic Energy Agency (IAEA) reduced 
its low projection scenario of nuclear based generation by 16%. A more moderate 
drop of 8% was assigned for the high projection. 


5Since one gram of 2°5U contains 2.56 x 10?! atoms, fission of a gram of uranium produces 
8.19 x 10! J (equivalent to the energy released when 2.7 metric tons of coal are burned). 

6Following a major earthquake, a 15-metre tsunami disabled the power supply and cooling of 
three Fukushima Daiichi reactors, melting the cores. Over 100,000 people had to be evacuated 
from their homes due to the detection of highly radioactive releases. 
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In addition to the possibility of a power plant catastrophically failing, there 
is also the issue of social and political threats stemming from the use of nuclear 
material as a weapon or as a terrorist target. The safe burial of radioactive waste 
must also be faced, since some of the spent matter will retain dangerous levels of 
radioactivity for thousands of years. 

That said, nuclear energy has an advantage over fossil fuels in that it does not 
emit greenhouse gases and its reserves are greater. Some renowned scientists such as 
Lovelock (2006) claim that: “There is no alternative but nuclear fission energy until 
fusion energy and sensible forms of renewable energy arrive as a truly long-term 
provider”. 


6.5 Tidal energy 


Tidal energy represents the smallest source of energy on Earth. Tides result from 
the gravitational attraction exerted upon the planet by the moon and to a lesser 
extent by the sun (Tarbuck and Lutgens, 1984). As the Earth spins on its axis, its 
bulges move and produce two high and two low tides every 24 hours. Tidal heights 
are not uniform everywhere and whilst rarely exceed a metre in the deep ocean, 
over continental shelves they may reach 20 metres. Movement of such vast masses 
of water requires a great deal of exergy, estimated at 2.7 TW. Through the course 
of a year, this amounts to 0.85 x 107° J (Skinner, 1986). 

Tidal electricity generation involves the construction of a barrage across a delta, 
estuary, beach, or other places that are influenced by the tides. As in a hydropower 
plant, turbines produce electricity as water flows through them. Tidal stations do 
however differ from their hydraulic counterparts in the sense that they permit and 
are able to take advantage of a two-dimensional flow. They are consequently able 
to produce electricity when water enters the basin and when it leaves (Charlier and 
Justus, 1993). Tidal provides a non-polluting and inexhaustible supply of energy 
and ensures the regularity of power production from year to year with a less than 
5% annual variation. The specific tidal exergy is about 110 kJ for each m? of 
reservoir and each metre difference in height (Hermann, 2006). The worldwide tidal 
power production is about 300 MW (Martinot, 2006). Projects worldwide have 
been estimated to have a potential energy output of around 166 GW, according to 
the World Energy Council. 

Tidal heights of 5 metres or more and easily dammed bays or estuaries are needed 
to make tidal plants more effective. The high capital cost for construction and the 
limited number of potential sites worldwide (about 20) are its main drawbacks and 
ultimately mean that relatively few tidal power plants have been constructed. Of 
these, the oldest and by far the largest is the La Rance 240 MW barrage located 
near St. Malo, in Brittany, Northern France. A similar sized tidal power plant 
should be completed in South Korea by 2016. 
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6.6 Energy from the sun 


According to Skinner (1986), solar radiation is the largest energy input of the Earth, 
accounting for 99.985% of the total. From the 173,000 TW of incoming solar radia- 
tion, about 30% is directly reflected unchanged, back into space, by the clouds, sea, 
land, ice and snow. Around 350 TW are used for creating winds, ocean currents, 
waves, etc. Evaporation and precipitation collectively use approximately 4,000 TW 
of the sun’s energy, which leads to the storage of water and ice. Only 40 TW are 
effectively employed in the process of photosynthesis, leading to the production of 
biomass and eventually of fossil fuels. 


6.6.1 Solar power 


The exergy flow of solar radiation heating the land and oceans amounts to 
43,200 TW (Szargut, 2003). This is about three thousand times more than the 
present power needs of the entire globe: 17 TW in 2010. In fact, the energy sup- 
plied by the sun in just one minute is enough to meet the global power need for 
an entire year (Khan et al., 2008). Unfortunately, technology is not yet sufficiently 
developed to make use of this immense quantity. Solar power density at the Earth’s 
surface is 125-375 W/m? and an average photovoltaic panel, with 15% efficiency, 
may deliver 15-60 W/m?. Even though this seems relatively low, solar cell conver- 
sion efficiency has increased from some 6% in 1954 to 40% in 2006. Unsurprisingly 
therefore, the size of solar power stations has exponentially increased from 500 kW 
in 1977 to about 40 GW in 2010 (REN21, 2011). 

According to Johansson et al. (2004) and Schock (2005), electricity generated 
directly by utilising solar photons to create free electrons in a PV cell is estimated to 
have a technical potential of at least 450,000 TWh/yr (around 51 TW - Table 6.8) 
. The roadmap forecast 2050 (IEA, 2010b), consideres that solar PV could supply 
11% of the global electricity production. Recent developments in thin film solar 
cells increases the likelihood of this forecast becoming a reality (see Sec. 1.4.2). 

Apart from extracting solar radiation through photovoltaic panels, solar energy 
can also be utilised via solar heating collectors. Solar thermal capacity reached 185 
GWth in 2010 (REN21, 2011) and is expected to increase dramatically due to new 
building regulations, especially in Europe’. 

Additionally, promising experiences with concentrated solar power plants (CSP) 
show that other forms of technology could produce clean electricity. In CSPs, the 
solar flux can either be concentrated by parabolic trough-shaped mirror reflectors 
(30 - 100 suns concentration), central tower receivers requiring numerous heliostats 
(500 - 1000 suns), or parabolic dish-shaped reflectors (1000 - 10,000 suns) to heat 
a working fluid, which in turn is transferred to a thermal power conversion system. 
According to Philibert (2004), 1 km? of land at low latitude, receiving high levels of 


7See Directive 2002/91/EC on the energy performance of buildings. 
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direct insolation, is enough to generate around 125 GWh/yr (from a 50 MW plant 
at a 10% conversion rate). Thus about 1% of the world’s desert areas (240,000 
km?), if linked to demand centers by high voltage DC cables, could in theory, be 
sufficient enough to meet the total global electricity demand forecasted for 2030. 

The worldwide 2010 installed capacity was 854 MWe, coming from various power 
plants in California and Spain. New projects are rapidly increasing the installed 
capacity all over the world, especially in the Middle East and North Africa. Ac- 
cording to the CSP Roadmap (IEA, 2010a), there will be a 148 GW global installed 
capacity by 2020, with an average capacity factor of 32% (2,800 hours per year). 
This equates to an annual production of 414 TWh. 


6.6.2 Hydroelectricity 


About 23% of the incoming solar radiation (around 40 PW) is the driving force 
of the hydrological cycle, which is a conceptual model that describes the storage 
and movement of water between the biosphere, atmosphere, lithosphere and the 
hydrosphere. About 320,000 km°® of water evaporates each year from the oceans 
and 60,000 km? from land (including lakes and streams). Of this total, about 
284,000 km? fall back into the ocean with the remaining falling on the Earth’s 
land surface, which becomes eroded on water’s eventual journey back into the sea 
(Tarbuck and Lutgens, 1984). 

The exergy flow used for the evaporation of water is around 38,100 TW (Szargut, 
2003). This flow is transformed into the potential exergy of clouds (300 TW) and 
only a small part (5 TW) is transformed into that of rivers. Szargut (2003) addi- 
tionally calculated the chemical exergy of freshwater reaching the land as rain and 
snow at about 6 TW. Hence, the total power derived from water is 11 TW, if the 
potential and chemical exergy components are combined (Table 6.8). Valero et al. 
(2002b) calculated the exergy replacement costs of renewable water resources and 
the world’s ice sheets’. Their results were between 3,592 and 53,304 Mtoe/yr for 
the former and 3.84 x 10° and 7,210 x 10° Mtoe for the latter. 

Society as of yet cannot take full advantage of the chemical and thermal exergy 
provided by freshwater and is left to only make use of the potential exergy of rivers 
in the form of hydropower, which is in fact the most highly developed renewable 
energy resource. 

The power present in water that runs off continents was calculated in 1962 as 
2.9 TW (Skinner, 1986). The International Water Power & Dam Construction 
(IWP&DC) classified and calculated later the world hydroelectric potentials under 
the following categories (IWP&DC, 1996): 


8Exergy replacement costs of water resources are defined as the energy required by the best 
available technologies to give back seawater its original composition and temperature and return 
it to the elevation at which it was originally found (see Chap. 12 for more details). 
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Gross Hydroelectric Potential: the hydroelectric potential of a country if all 
its water flows were turbined until sea level or to the country borders (if the 
flow continues into other countries) under 100% system efficiency. It has been 
estimated at 4,200 GW. 

Technically Useful Hydroelectric Potential: estimated at 1,800 GW, it repre- 
sents the hydroelectric energy obtained from all the exploitable or exploited 
places under existing technological limits, without taking into account environ- 
mental, economic or other restrictions (Table 6.8). 

Economically Exploitable Hydroelectric Potential: estimated as around 1,200 
GW, it is the part of the technically feasible potential that can be or that has 
been developed under the local economic conditions, in a competitive way with 


other energy supply sources. Some of the places that can be exploited econom- 
ically can have restrictions from an environmental point of view. Nonetheless, 
this limitation is not taken into account when determining this potential. 


At the end of 2010, worldwide hydropower consumption was 775.6 Mtoe, ac- 
counting for about 6% of the total energy consumption (BP, 2011). 


6.6.3 Wind energy 


Around 350 TW of solar energy is used for driving winds and ocean waves (Skinner, 
1986). Wind is defined as horizontal air movement arising from differences in air 
pressure created by the uneven heating of the atmosphere. It always flows from a 
place of high pressure to one of low. Wind speed and direction are also affected by 
the Coriolis effect? and the friction occurring between the wind and solid objects of 
any kind such as the ground, trees, etc. Most places around the world have wind 
speeds that average between 10 and 30 km/h (Skinner et al., 1999). The average 
wind speed at 50 m is 6.6 m/s (23.7 km/h) (NASA, 2004) with an exergy content 
of about 336 W/m? perpendicular to the wind direction (Hermann, 2006). 

Estimates of the total global wind power are very large (in the order of 101° W). 
Most of that power is in high altitude winds and is not recoverable by devices on 
the land surface (Skinner, 1986). Global wind power generated at locations with 
mean annual wind speeds of > 6.9 m/s at 80 m is found to be ~ 72 TW (Archer 
and Jacobson, 2005). A technical potential of 72 TW installed global capacity at 
a 20% average capacity factor would generate 126,000 TWh/yr (around 14.5 TW 
— Table 6.8). In 2005, the existing exergy power capacity worldwide was 59 GW 
(Martinot, 2006). This figure has notably increased, reaching near 200 GW in 2010 
and covering almost 3% of the global electricity demand, according to the Global 
Wind Energy Council (Fig. 6.2). 


°The Coriolis effect is the deviation from a straight line in the path of a moving body due to the 
Earth’s rotation. 
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Fig. 6.2. Global cumulative installed wind capacity 1996-2010. Data obtained from GWEC (2011) 


6.6.4 Ocean energy 


The sun is responsible for three effects occurring in the oceans: an ocean thermal 
gradient, from which thermal energy could be eventually extracted; the thermoha- 
line circulation, which is caused by the thermal and salinity gradient and causing 
vast volumes of water to move around the globe; and ocean waves, indirectly gene- 
rated by the sun through the blowing of winds. 


6.6.4.1 Ocean thermal gradient 


The sun heats the sea’s surface to around 22°C, generating a thermal gradient 
given that the temperature drops to 2°C in the deep ocean. This temperature 
difference represents a specific exergy of about 800 J/kg seawater (Hermann, 2006). 
Considering that the mass of the oceans is equal to 1.37 x 107° kg, this gives an 
absolute exergy of 1.13 x 10° Gtoe (Table 6.8). Theoretically, this thermal gradient 
could be used for drawing energy from the oceans. However, the small temperature 
variation involved makes ocean thermal power extraction impractical and as of yet 
no commercial plant exists. However, if this source of energy could be used even 
at an efficiency of less than 1%, the potential would exceed that of all fossil fuels 
(Skinner, 1986). 

Another consequence of the thermal gradient is the so called thermohaline cir- 
culation (THC) or “the great ocean conveyor belt” (Broecker, 1991). The THC 
transports enormous volumes of cold, salty water from the North Atlantic to the 
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northern Pacific and brings warmer, fresher water in return. This global circulation 
is driven by density differences, which depend on temperature and salinity. The 
salinity and temperature gradients arise from heating/cooling at the sea surface 
and from the surface freshwater fluxes (evaporation and sea ice formation enhance 
salinity; precipitation, runoff and ice-melt decrease salinity). 

In the North Atlantic warm and salty water that has been transported north 
from tropical regions is cooled, forming pure ice and thereby, increasing the salinity 
of the remaining unfrozen water. The denser saline waters drop to the floor of the 
ocean and begin a great circuit through the world’s oceans (see Fig. 6.3). In the 
Pacific, the current mixes with warmer water, where it undergoes upwelling and 
warming once again. When this warmer, saltier water reaches the high northern 
latitudes once more, it chills, and eventually becomes North Atlantic deep water, 
completing the circuit. 

The volume transport of the overturning circulation at latitude 24 N has been 
estimated from hydrographic section data at around 17 x 10!© m3/s and its heat 
transport at 1,200 TW (Roemmich and Wunsch, 1985). Munk and Wunsch (1998) 
meanwhile estimated the heat transport at 2,000 TW. The corresponding exergy 
flow assuming a difference of 20 K is about 100 TW transferred to the thermal 
gradient (Hermann, 2006). Unfortunately, there is currently no technology which is 
capable of extracting such energy. 

The climatic effect of the THC, still to some extent under discussion, is due to 
the heat transport of this circulation (Rahmstorf, 2006). The amount of heat trans- 
ported into the northern North Atlantic (north of 24 N) should warm this region 
by around 5°C (the difference in sea surface temperature in the North Atlantic as 
compared to the North Pacific at similar latitudes). Global surface air temperatures 
show that over the three main deep water formation regions of the world ocean, air 
temperatures are warmer by up to around 10°C compared to the latitudinal mean. 

Concerns surrounding the possible collapse of the THC through the anthro- 
pogenic greenhouse effect have increased recently. A THC collapse is widely dis- 
cussed as one of a number of “low probability - high impact” risks associated with 
global warming (Rahmstorf, 2006). This is because when the strength of the haline 
forcing increases due to excess precipitation, runoff, or ice melt, the THC could 
weaken or even stop, eventually leading to a more acute global climate change. 


6.6.4.2 Ocean waves 


Waves are another expression of solar energy. They are formed from winds blowing 
over the ocean, and their energy content is many thousands of times greater than 
that found in tides. To use an example, a single wave of 1.8 metres high and 
moving in water 9 metres deep generates around 10 kW for each metre of wave 
front (Skinner, 1986). The momentum given to currents and surface gravity waves 
transferred by the wind is estimated at 60 TW (Wang and Huang, 2004), a figure 
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Fig. 6.3 A simplified summary of the path of the Thermohaline Ocean Circulation (Kuhlbrodt 
et al., 2007) 


substantially reduced by wave break and internal friction which means only 3 TW 
hits the world’s coastlines (Hermann, 2006). 

The best wave energy climates have deep water power densities of 60-70 kW/m 
but fall to about 20 kW/m at the foreshore. Around 2% of the world’s 800,000 
km of coastline exceeds 30 kW/m giving a technical potential of around 500 GW, 
assuming a 40% efficiency for offshore wave energy devices (IPCC, 2007b). 

Various wave energy conversion schemes have been developed but none are op- 
erating on a large-scale. In 2006, the only two commercial wave power projects 
totalled 750 kW (IPCC, 2007b). According to REN21 (2011), at the end of 2010, 
an estimated total of 2 MW capacity had been installed, most of which in Europe. 


6.6.5 Biomass 


Biomass is a term used for plant and animal derived material and includes wood, 
energy crops, crop residues and animal dung. It predominately consists of cellulose, 
lignin, protein and ash. Specific exergy of biomass ranges from 15 to 20 MJ/kg on 
a dry basis depending on carbon and ash content (Hermann, 2006) (see Table 6.3). 

The photosynthetic efficiency of converting solar radiation into energy-rich or- 
ganic compounds averages around 1%. Only 2.9 TW of exergy is transformed into 
the chemical exergy of plants (Szargut, 2003). Estimates of the dry weight of all 
living terrestrial plant matter vary but do average about 2x10!? metric tonnes 
(Skinner, 1986). Considering a specific exergy of biomass of 17 MJ/kg, the total 
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Table 6.3 Specific exergy on a dry basis of re- 
presentative biomass samples (Hermann, 2006) 


Biomass type Exergy (dry), MJ/kg 


Eucalyptus 19.9 
Poplar 19.2 
Corn stover 18.2 
Bagasse 17.8 
Water hyacinth 15.2 
Brown kelp 10.9 


exergy content of dry biomass is around 810 Gtoe!®. The theoretical biomass po- 
tential was estimated by Johansson et al. (2004) at around 92 TW, which implies 
an available exergy capacity of 70 Gtoe per annum (Table 6.8). 

Mankind uses about 16 TW of the land productivity. From this, about 5 TW 
contributes to the consumption of 1.5 TW in the form of wood fuel and around 
0.2 TW goes into the production of 20 GW of ethanol (Hermann, 2006). The 
world biomass production energy potential varies greatly depending on the assump- 
tions taken into account. IPCC (2001) estimates a raw biomass energy potential of 
10.4 Gtoe/yr (14 TW) and a liquid biofuel energy potential of 3.6 Gtoe/yr (4.8 TW), 
while Moreira (2002) 31.2 Gtoe/yr (41.5 TW) and 10.8 Gtoe/yr (14.4 TW), res- 
pectively (Table 6.8). According to IPCC (2007b), current biomass consumption is 
around 1.5 TW. 


6.6.6 Fossil fuels 


Fossil fuels constitute reservoirs of chemical exergy. They represent the remains of 
plants or animals that gathered their energy from the sun millions of years ago. 
Around 40 GW of biological matter are buried under sediments and will eventually 
form fossil fuels (Berner, 2003). As in the case of other minerals, they are not 
renewable, since they cannot be replenished, at least not in Man’s lifetime. The main 
commercial types of fossil fuels are coal, oil and natural gas. Other unconventional 
fossil fuels include tight gas sands, coal bed methane (or coal seam gas), clathrate 
hydrates, tar sands, shale and heavy oil. These technologies are still in their early 
stages. 

Fossil fuels are by far the most important sources of energy in the 20th and 
early 21st century, accounting for 87% of the world energy consumption. Indeed 
production of fossil fuels at the end of 2010 reached over 10,442 Mtoe (BP, 2011). 
The remaining 13% came from nuclear, hydroelectric power and renewables. See 
Fig. 6.4 for the world distribution of energy consumption. 


10This number represents the total exergy one could extract from biomass, if it were not renewable. 
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Fig. 6.4 Primary world energy consumption by fuel type at the end of 2010. Values in Mtoe. 
Elaborated from data included in BP (2011) 


6.6.6.1 Coal 


Coal is a sedimentary and metamorphic rock. It is formed from plants that grew 
in ancient swamps. The remains of the plants accumulated in a non-oxidising en- 
vironment and were eventually buried by other sediments, usually sand or mud, 
which are now the sandstones and shales typically associated with coal beds. Coal 
deposits start off as organic materials made chiefly of carbon, oxygen and hydrogen. 
With the rise of temperature and pressure, due to the burial of the deposits, the 
hydrogen and oxygen are then gradually lost (Leet et al., 1982). 

In addition to carbon, oxygen and hydrogen, coal contains many other elements 
in trace amounts. Sulphur is one of its most common impurities, making it a 
dangerous pollutant of air and water. Table 6.4 shows the ASTM D388 coal-rank 
classification according the HHV. Coal’s specific exergy varies from about 20 to 
30 MJ/kg (Hermann, 2006), although some low-carbon coals such as lignites may 
have specific exergies as low as 15 MJ/kg. 

Coal accounts for about 30% of the energy consumption in the world. Proved 
global reserves! of coal were estimated by the World Energy Council (WEC, 2010) 
at 860.9 Gt. Considering the average HHV reported by Eggleston et al. (2006), the 
world’s proved coal reserves are about 427 Gtoe. The authors will go on to calculate 
a resasonable value for the exergy of coal reserves in Chap. 11. 

Proven coal reserves are larger than those of oil and natural gas. According to 
the World Energy Council (WEC, 2007) the global coal reserves could be multiplied 
by more than two. WEC (2010) estimates additional resources amount in place at 


11Proved reserves of coal - generally taken to be those quantities from known deposits that geolo- 
gical and engineering information suggests with a reasonable degree of certainty, are “recoverable” 
in the future (under existing economic and operating conditions). 
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Table 6.4 Rank of coal according to the norm ASTM D388 


Class rank Fix carbon Volatiles HHV, MJ/kg 
2 < 2 < 2 < 

Anthracite 

Anthracite 98 2 

Meta-anthracite 92 98 2 8 

Semianthracite 86 92 8 14 

Bituminous 

Low-volatile 78 86 14 va 

Medium volatile 69 78 22 ol 

High-volatile A - 69 31 - 32.56 

High-volatile B 30.24 32.56 

High-volatile C 26.75 30.24 

Subbituminous 

Subbituminous A 24.42 26.75 

Subbituminous B 22.1 24.42 

Subbituminous C 19.31 22.1 

Lignite 

Lignite A 14.65 19.31 

Lignite B 14.65 


around 1,965 Gt. But as the EWG (2007)? argues, estimated coal resources have 
declined from 10 billion tonnes of coal equivalent (8,300 Mtoe) to about 4.5 billion 
( 3,750 Mtoe), representing a decline of 55% within the last 25 years. Furthermore, 
this downgrading of estimated coal resources is a trend supported by each new 
assessment. Therefore it is possible that resource estimates will be further reduced 
in the future. That said, there is another young form of coal, peat, (partially decayed 
plant matter together with minerals), which has been used as a fuel for thousands 
of years and is still in use, particularly in northern Europe. Peat reserves have not 
been estimated but are considered to be very large. 

Unlike oil or natural gas, coal has a more even global distribution, with rather 
balanced consumption and production rates (see Fig. 6.6). At the end of 2010, world 
coal consumption was 3,555.8 Mtoe (BP, 2011) with demand expected to more than 
double by 2030. The International Energy Agency (IEA) has estimated that more 
than 4,500 GW from new power plants (half of them in developing countries) will 
be required in this same period (IEA, 2004). 


6.6.6.2 Oil and natural gas 


Oil and natural gas have proven to be economical, efficient and relatively clean fuels. 
As a result, by 1950, they had overtaken coal as the primary source of energy. 
Almost without exception, petroleum and natural gas are associated with sed- 
imentary rocks of marine origin. Both are mixtures of hydrocarbon compounds 
with minor amounts of sulphur, nitrogen and oxygen. Hydrocarbon production 
takes place in two stages (Leet et al., 1982). First, biological, chemical and physical 


12EWG: Energy Watch Group. 
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Fig. 6.5 Coal proved reserves at the end of 2010. Values in million tonnes. Elaborated from data 
included in WEC (2010) 


processes begin to break down the organic matter into what is called kerogen, a 
precursor of oil and gas. The second stage is marked by the thermal alteration 
of kerogen to hydrocarbons as the deposit is buried deeper by younger, overlying 
sediments. The production of hydrocarbons begins at a temperature of around 50 
to 60°C and at a depth of 2 to 2.5 km. Hydrocarbon formation continues to depths 
of 6 to 7 km and temperatures of 200 to 250°C. Formation of oil dominates in the 
lower temperature ranges and gas in the higher. 

The British standard BS2869:1998 classifies fuel oil into six classes according to 
its boiling temperature, composition and purpose. No. 1 and No. 2 are referred to 
as distillate fuel oils, while No. 4, No. 5 and No. 6 are labelled residual fuel oils. In a 
more commercial sense: No. 1 fuel oil is kerosene; No. 2 is diesel oil and No. 4, 5 and 
6 are heavy fuel oils. Table 6.5 shows the chemical composition, density and HHV 
of classes 1, 2, 4, 5 and 6. Low molecular weight petroleum has an exergy content 
between 40 to 46 MJ/kg. Higher molecular weight petroleum and the hydrocarbon 
portion of inorganic mixtures have a chemical exergy close to 40 MJ/kg (Hermann, 
2006). 

Natural gas consists primarily of methane but includes significant quantities of 
ethane, butane, propane, carbon dioxide, nitrogen, helium and hydrogen sulphide. 
The main properties of natural gas are listed in Table 6.6. The specific exergy of 
natural gas is around 50 MJ/kg (Hermann, 2006). 
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Fig. 6.6 Coal production and consumption at the end of 2010. Elaborated from data included in 
BP (2011) 


Table 6.5 Rank of oil according to the British standard B52869:1998 


Class rank No. 1 No. 2 No. 4 No .5 No. 6 
Density (ke/I) 0.824 0.804. 0.927 0.952 I 
Residual carbon (%) Traces ‘Traces 2.5 5 12 
Sulphur (%) 0.1 0.4-0.7 0.4-1.5 2.0 max. 2.8 max. 
Oxygen and Nitrogen (%) 0.2 0.2 0.48 0.7 0.92 
Hydrogen (%) 13.2 12.7 11.9 11.7 10.5 
Carbon (%) 86.5 86.4 86.1 85.55 85.7 
Water and sediments (%) Traces Traces 0.5 max. 1.0 max. 2.0 max. 
Ashes (%) Traces ‘Traces 0.02 0.05 0.08 
HHV (kJ/kg) 46,365 45,509 43,920 43,353 42,467 


Table 6.6 Physical properties of different compositions of natural gas (Botero, 2000) 


Composition Density HHV 
COz No H2S CHa CoHe C3Hg Calo CsHi2 kg/Nm? kJ/Nm® kJ/kg 
5.5 - 7 77.7 5.5 24 118 0.63 0.9 39,575 43,915 
3.51 32 O05 525 3.7 22 202 3.44 1.06 32,600 30,750 
26.2 0.7 - 59.2 13.9 - : - 1.08 31,668 29,261 
0.17 87.7 - 105 16 - : - 1.14 5,073 —-2,552 
0.2 06 - 99.2 - - - - 0.72 37,524 52,126 
- 06 - - 79.4 20 - - 1.41 72,176 51,079 


- 0.5 - - 21.8 77.7 - - 1.77 89,110 50,049 


The Resources of the Earth 151 


Oil accounts for 34% of the world’s energy consumption, while natural gas for 
about 24%. World proved reserves of oil and gas are much smaller than those of coal. 
At the end of 2010, they were estimated at 188.8 Gt and 168.4 Gtoe, respectively, 
considering the conversion factor given by BP (2011) (see Figs 6.7 and 6.9). 
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Fig. 6.7 Oil proved reserves at the end of 2010. Values in thousand millions of barrels. Elaborated 
from data included in BP (2011) 


Major oil suppliers are those countries of the Middle East. With the exception 
of these and certain nations of South and Central America and Africa, the rest 
of the world is a net importer of oil, even if some countries like the US produce 
considerable amounts themselves (see Fig. 6.8). World oil consumption at the end 
of 2010 was 4,028.1 Mt (BP, 2011). 

Major natural gas consumers in the world are the Asian-Pacific countries, and 
for the most part it has to be imported. The most prominent producers in the world 
are the Russian Federation, followed by north America, Iran, Norway and Algeria 
(see Fig. 6.10). Natural world gas consumption at the end of 2010 was 2,858.1 Mtoe 
(BP, 2011). 

In terms of exploration, the oil industry is relatively mature and the quantity 
of additional reserves that remain to be discovered is unclear (IPCC, 2000). The 
general and rather pessimistic belief concerning oil discoveries is that few new oil 
fields are being discovered and that most of the increases in reserves result from 
revisions of underestimated existing ones (Ivanhoe and Leckie, 1993; Laherrere, 
1994; Campbell, 1997; Hatfield, 1997). But in fact, new discoveries are indeed 
enlarging the reserves of many minerals. A recent case has been the discovery of 
the Carioca oil well in the Santos Basin just lying off the coast of Brazil, which 
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Fig. 6.8 Oil production and consumption at the end of 2010. Elaborated from data included in 
BP (2011) 
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Fig. 6.9 Natural gas proved reserves at the end of 2010. Values in billion cubic meters. Elaborated 
from data included in BP (2011) 


registered a test production of 2,900 barrels/day of oil and 57,000 m?/day of gas. 
The optimists appeal to improvements in technology, such as 3D seismic surveys and 
extended reach e.g. horizontal drilling. These technologies have led to more efficient 
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Fig. 6.10 Natural gas production and consumption at the end of 2010. Elaborated from data 
included in BP (2011) 


recovery rates from existing reservoirs and have made profitable the development 
of fields previously regarded as uneconomic (Smith and Robinson, 1997). Masters 
et al. (1994) estimated that conventional oil reserves had a corresponding range of 
additionally recoverable resources between 38 and 141 Gtoe. 

Estimates of gas reserves and resources meanwhile are being revised contin- 
uously. The International Gas Union (IGU) estimated that additional reserves, 
including gas yet to be discovered could be as high as 200 Gtoe (IGU, 1997). Gre- 
gory and Rogner (1998) suggested an optimistic estimate for ultimately recoverable 
reserves of an additional 500 Gtoe. 


6.6.6.3 Non-conventional fossil fuels 


Oil that requires extra processing such as that derived from shales, heavy oils, and 
oil (tar) sands, is classified as non-conventional. Collectively these types contributed 
to around 3% of the world oil production in 2005 (66 Mtoe). A figure which could 
reach 110 Mtoe by 2020 (Morse and Glover, 2000) and up to 140 Mtoe by 2030 (IEA, 
2005). Resource estimates are uncertain but could be over 830 Gtoe according to 
the IPCC (2007b) or even over 1,445 Gtoe following the estimations published in 
WEC (2007). 

Methane, for instance, stored in a variety of geologically complex, unconven- 
tional reservoirs, such as tight gas sands, fractured shales, coal beds, and as methane 
clathrates!? is even more abundant than conventional gas. Indeed global coal bed 


13Methane clathrate is a crystal solid similar to ice, in which methane molecules are trapped in 
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methane reserves may be larger than 190.5 Gtoe, albeit that the lack of basic infor- 
mation on the gas content of coal resources makes this number highly speculative 
(IPCC, 2007b). A similar quantity is estimated to be in the form of tight sands. 

In short, there is a great quantity and variety of non-conventional fossil fuel 
resources that could be exploited, although not without environmental and techni- 
cal challenges. To demonstrate the growth in its use, the United States shale-gas 
industry has increased annually by 45% from 2005 to 2010 and in 2011 it provided 
24% of the nation’s total gas production (Nye, 2012). As for Europe, the Euro- 
pean Centre for Energy and Resource Security (Eucers) estimates that shale gas 
resources should cover the whole continent’s energy demand for at least 60 years 
(Kuhn and Umbach, 2011). Yet it also warns of the risk of local opposition due 
to the higher population density experienced in Europe compared to the US and 
the lack of experience in this type of technology. Together these factors make the 
future of unconventional gas in Europe uncertain. 

The technique used for the recovery of oil and natural gas from very dense 
and deep shale rocks (2000-3000 m deep) is called hydraulic fracturing (fracking). 
The technology consists of injecting water and sand with some chemicals acting 
as proppants, surfactants and lubricants, at high pressure. This pressure cracks 
open the rock liberating gas that then migrates up the well. Groundwater and 
wastewater contamination due to flammable tap waters (a mixture of methane and 
various other chemicals) and low magnitude earthquakes, not to mention the release 
into the atmosphere of important volumes of methane", are just a few issues that 
have been reported (Manning, 2013). 

Generally speaking, the greatest drawback of these kinds of unconventional fuels 
is the elevated quantity of energy required for their extraction. The refinement of 
oil shale for instance, needs two or three times more energy than the production of 
conventional fuel oil. Furthermore, the associated environmental footprint is huge, 
since vast forest areas often need to be destroyed as the significant amount of water 
used and emissions produced threatens local biodiversity. 

Despite such problems, unconventional fuels, including coalbed methane, tight 
gas and shale gas, are expected to be supplied in greater quantities into the future 
due to their wide dispersal and the fact that the number of reserves are considerably 
larger than those of conventional sources. Reserves are estimated by the USGS 
(2004) to be greater than 1,400 Gtoe whilst others such as Kvenvolden (1999) and 
Beauchamp (2004) report methane clathrate reserves of over 18,000 Gtoe. 

Table 6.7 shows a global data compilation of conventional and non-conventional 
fossil fuel reserves. 


large amounts within its crystal structure. It is usually found in vast quantities under sediments 
on the ocean floor. 
14The global warming potential of methane is 21 times larger than CO. 
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Table 6.7. World fossil fuel resources 


Fuel Proven reserves Estimated additional reserves 
(Gt) (Gtoe)? | (Gt) (Gtoe)3 
Conventional fuels 
Coal!] Bituminous (+ 404.76 253.72 800.77 501.96 
anthracite) 
Sub- 260.79 117.70 392.24 177.03 
bituminous 
Lignite 195.39 55.52 771.70 219.30 
Oil 188.787 190.69 141° 142.43 
Natural gas 187.14 Tm? 168.932 500 Gtoe# 
Non-conventional fuels 
Coal bed methane = 231.68 4] — _ 
Gas from fractured oil shale | — 412.224 _ _ 
Gas from tight sands - 176.664 | — = 
Clathrates - = 20 x10 m3 18,053.28° 
Oil shale 408.60° 91.72 - 1446.15° 
Natural bitumen 338.2% 324.66 110.076 105.66 
Extra-heavy oil 314.316 303.23 25.96% 25.04 
Peat 108.537 25.29 535.467 124.80 


1 Distribution according to “Survey of energy resources 2010” (WEC, 2010). The total amount 
of coal is 860.9 Gt (WEC, 2010). 

? Reported value by BP (2011). 

3 Energy values for all the fuels were calculated using the net calorific values reported by the 
IPCC (Eggleston et al., 2006). 

4 Energy data taken from Gregory and Rogner (1998). 

> Data taken from Kvenvolden (1999); Beauchamp (2004). 

6 Data taken from WEC (2007). 

” Data taken from Alpern and Lemos de Sousa (2002). 


6.7 Energy resources summary 


Table 6.8 summarises the results discussed in the previous sections. It shows all 
of the available resources that Nature provides, those which could be potentially 
obtained using technology into the near future and those which are used today. All 
consumption figures in Table 6.8 are taken from the end of 2010, except for those 
of biomass and non-conventional fossil fuels, which are 2005 values. 

It must be pointed out that the data in Table 6.8 is an approximation and must 
be treated as such. In any case, it might increase, as technology permits a more 
efficient use of resources and an ability to exploit those fuels which are not currently 
recoverable. It should also be remembered that the future of a resource is not 
typically the product of a unilateral decision. This is because whilst governments 
and global accords play a key role in defining objectives and implementing policies, it 
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Table 6.8 Available energy, potential energy use and current consumption of natural re- 


sources on Earth 


Resource Available Potential Current 

energy energy use energy 

consumption 
Geothermal 17.9 TW 59 - 124 GWe 10.7 GWe 
Uranium - fission 27,100 Gtoe 5,200 Gtoe 626.2 Mtoe 
Thorium - fission 7,500 Gtoe - - 
Deuterium + Tritium (fusion) 74 Ttoe - - 
Tidal power 2.7 TW 166 GW 300 MW 
Solar PV 43.2 PW 51 TW 40 GWe 
Solar thermal power 43.2 PW 630 - 4,700 854 MWe 
GWe 

Water power 11 TW 1,800 GW 775.6 Mtoe 
Wind power 1,000 TW 14.5 TW 194 GW 
Ocean thermal gradient 1.13x 108 Gtoe  - - 
Ocean conveyor belt 1,200 - 2,000 - - 

TW 
Ocean waves 3 TW 500 GW 2.8 MW 
Biomass 92 TW 19 - 56 TW 1.5 TW 
Coal 1,325 Gtoe 426.9 Gtoe 3,555.8 Mtoe 
Natural gas 660 Gtoe 168.4 Gtoe 2,858.1 Mtoe 
Oil 311 Gton 188.8 Gton 4,028.1 Mton 
Non-conventional fuels ~ 20,000 Gtoe - 66 Mtoe 


are the companies that supply fossil fuels which undertake the necessary investments 
and which ultimately make a future scenario a reality. 

A detailed analysis of the results will be carried out in Chap. 11, when all 
resources, including non-fuel minerals are assessed with the same unit of measure 


(Table 6.8). 


6.8 Non-fuel mineral resources 


In addition to energy, non-fuel minerals are the other kind of resources essential for 
civilisation. The quantity of such minerals on Earth is likewise finite and hence they 
are classified as non-renewable. The physical and chemical properties of minerals 
are directly influenced by the sun and geothermal power. These two are responsible 
for the movement of materials from the Earth’s interior, to the crust, from this to 
the sea or to rivers, through currents, before their return to rock formation in the 
so-called geochemical or rock cycle (Fig. 6.11). The resulting dynamic equilibrium 
is called the geochemical balance (Craig et al., 2001). 

The figures given in Table 5.16 show the relative abundance of the minerals 
on Earth. It is important to note however that they are not found in a uniform 
concentration across the entire crust. Fortunately, Nature provides areas of highly- 
concentrated deposits, allowing for a relatively cost-effective extraction. Minerals 
become concentrated in five ways (Skinner et al., 1999): 
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Fig. 6.11 The rock cycle. Redrawn from Mehrtens (2014) 


By hot, aqueous solutions flowing through fractures and pore spaces in crustal 
rock to form hydrothermal mineral deposits. 

By magmatic processes within a body of igneous rock to form magmatic mineral 
deposits. 

By precipitation of lake water or seawater to form sedimentary mineral deposits. 
By flowing surface water in streams or along the shore to form placers. 

By weathering processes to form residual mineral deposits. 
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Apart from a physical way of classifying mineral concentrations, there is also an 
economical way of doing so. This is explained in the following section. 


6.8.1 The economic classification of minerals 


Concentrations of minerals can be classified as resources, reserves and reserve base, 
depending on certain factors, as will be explained next. 

The U.S. Bureau of Mines defines a resource as a concentration of naturally 
occurring solid, liquid, or gaseous material in or on the Earth’s crust in such a form 
and amount that economic extraction of a commodity from that concentration is 
currently or potentially feasible. 

Reserve base is defined as that part of an identified resource! that meets speci- 
fied minimum physical and chemical criteria related to current mining and produc- 
tion practices, including grade, quality, thickness, and depth. Reserves, meanwhile, 
are that part of the reserve base which could be economically extracted or pro- 
duced at the time of determination. Reserve base and reserves are subdivided in 
order of increasing confidence into demonstrated and inferred. The latter are esti- 
mates based on an assumed continuity beyond indicated resources, for which there 
is geological evidence. There may be no samples or measurements. Demonstrated 
reserves are the sum of measured and indicated resources. Where one speaks of 
measured resources, one refers to those materials whose quality and quantity have 
been determined by quantitative data including appropriate analyses, from closely 
spaced and geologically well-known sample sites, within a margin of error of less 
than 20%. 

Indicated resources are those in which the grade and or quality are computed 
from information similar to that used for measured resources but the sites for in- 
spection, sampling, measurement are farther apart or are otherwise less adequately 
spaced. 

Fig. 6.12 shows the mineral resources and reserves classification after McKelvey 
(1972). 

Additional geological information expands the known number of reserves. Like- 
wise commodity prices and the development of more efficient technologies play an 
important role, as previously unworkable grades become economically profitable. 

Hence, neither reserve base, nor reserves are good indicators with which to assess 
mineral capital. In fact, total world reserves of most mineral commodities are larger 
now than at any time in the past (Highley et al., 2004) due to the reasons mentioned 
in the previous paragraph. To give an example, once it became known that it was 
economic to mine copper porphyry deposits for their ore in the early part of the 
20th century, the world’s known copper reserves and therefore resources, increased 
by several hundred percent (Govett and Govett, 1974). 


15Tdentified resources: resources whose location, grade, quality and quantity are known or esti- 
mated from specific geologic evidence. 
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IDENTIFIED RESOURCES UNDISCOVERED RESOURCES 
Demonstrated Probability range 
(Cumulative production Measured Inferred Hypothetical 


Reserves Inferred reserves 
Marginal Reserves Inferred marginal reserves 
SUBECONOMIC Demonstrated subeconomic resources Inferred subeconomic resources 

Other occurences Includes non-conventional and low-grade material 


Fig. 6.12 Principles of the mineral resource classification system (USGS, 1980) 


Any true assessment of the mineral capital on Earth, should thus be based 
on resources rather than on reserves or reserve base. However, as resources is the 
most comprehensive classification of the aforementioned, information is often scarce, 
inaccurate and/or incomplete as it can be seen in Table 6.10. 

Estimates of resources are dynamic by definition as still too little is known about 
the Earth’s crust. Most of the deposits worked at present are close to the surface 
with the deepest open-pit mine less than 1 km deep and the deepest underground 
mine descending down 3.5 km (BGS, 2006). This is really no depth at all considering 
that the average slice of the Earth’s crust is some 40 km thick, meaning that only 
approximately the outer one-tenth of the continental crust is of interest (Dunham, 
1974). 


6.8.2 Average mineral ore grades 


For some time, many geologists assumed that the amount of less common metals 
existing at different grades in the crust could be represented by lognormal or similar 
unimodal frequency distributions. This assumption was first questioned by Skinner 
(1976) for those metals that make up less than 0.1% of the Earth’s crust. He 
suggested that for such scarce metals the distribution might be bimodal and that 
the small mode at higher grades would represent metal concentrations of non-silicate 
minerals localised in mineral deposits (DeYoung and Singer, 1981) (see Fig. 6.13). 

The original mathematical procedures correlated the tonnage of the ore with 
its mean grade (Lasky, 1950; Cargill et al., 1980). Later, the fractal relationship 
exhibited by a variety of natural processes, was proved to be better applicable to 
mineral deposits, at least for mercury, copper and uranium in the U.S (Turcotte, 
1986). This fractal relationship follows the expression of Eq. (6.3). 


Em _ (sE) : (6.3) 


Ls M 


Where Z,, is the average concentration in the deposit; x, the concentration in 
the Earth’s crust; M the tonnage of the deposit; M/, the tonnage of the piece of 
land under consideration and F' the fractal relationship to be determined. 
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Fig. 6.13 Two possible relationships between ore grade and the metal, mineral, or energy content 
of the resource base, according to Skinner (1976). 


The aforementioned methodologies have the principal objective of determining 
the tonnage of ore with grades above a specified value, providing thus a basis for 
estimating ore reserves. They are however not useful for the quantitative ana- 
lysis undertaken in this book, given that they require information regarding the 
ore grades and tonnage of existing deposits, which is in effect what the authors 
themselves are trying to ascertain. In this respect, a more appropriate study was 
undertaken by Cox and Singer (1992), in which a compendium of geological models 
was presented from over 3,900 well-characterised deposits all over the world. 

Accordingly, the authors calculated using Eq. (6.4) the weighted average grades 
(Zm), considering the average tonnage (M) and grade (a) of the different deposits 
containing each particular mineral as shown in Table 6.9. 


fe LmdM 


fo" am va 


Im = 

Some of the values may appear to be quite low. Nevertheless, it must be pointed 

out that they are averages. In most deposits various minerals are extracted as 

byproducts, at a relatively low grade. It would simply not be cost-effective if they 
were extracted alone. 
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Table 6.9: Summary statistics of grade-tonnage models (Cox and Singer, 1992) 


Deposit Lm Deposit Em 
RE2Os (%) 0.10. Cu (%) 0.58 
Monazite (%) 0.03 Mo (%) 0.03 
U3O0g (%) 0.33 WOz3 (%) 0.72 
Zircon (% ZrO2) 0.27. Pd(ppb) 158.51 
Nb2Os (%) 0.64. Pt (ppb) 802.39 
Barite (%) 83.02 Rh (ppb) 12.92 
AlzO3(%) 45.97 Ir (ppb) 20.62 
P (%) 0.11 Ru(ppb) 220.02 
POs (%) 24.01 Os (ppb) 82.22 
Ilmenite (% TiO2) 1.27 Ag (g/t) 4.27 
Rutile (% TiO2) 0.21 Au (g/t) 0.22 
Leucocite (% TiO2) 0.23 Zn (%) 4.06 
Cr203 (%) 43.52 Hg (%) 0.38 
Mn (%) 31.49 Sn (%) 0.48 
Fe (%) 51.05 Pb (%) 2.05 
Co (%) 0.11 Sb (%) 3.78 
Ni (%) 1.30 


Unfortunately, the authors have found no averages elsewhere in the literature for 
those minerals not included in Cox and Singer (1992). Most of which are not mined 
as the principal product and are only commercially produced if they are found as 
the byproducts of other important minerals. In such cases, values such as those 
mentioned in Carr (1994), have been taken as reference!®. The authors are aware 
that these figures cannot be considered as global mineral ore grades. Nevertheless, 
they are a suitable means with which to give an order of magnitude. 


6.8.3. Mineral abundance 


Table 6.10 shows world reserves, reserve base!”, and resources of the main naturally 
occurring non-fuel minerals of economic importance according to USGS (2010). 
It also shows the average ore grades obtained in the previous section. The most 
abundant ores in the crust, accordingly, are those of iron, followed by phosphate 
rock, potash, manganese and aluminium. On the contrary, the ores of the platinum 
group metals, thallium, tellurium and rhenium are the among the scarcest. 


16It should be stated that for REE, the more updated value of 7. = 6% given by Koltun and 
Tharumarajah (2008) is used for calculations undertaken in subsequent chapters. 
17The USGS has stopped providing information for the reserves base and hence the latest. data. is 


from 2006. 
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Table 6.10: Mineral world reserves, reserve base and world resources. All values 
are for 2008 if not otherwise specified 


Production Reserves Reserve World Ore 
base resources grades 
(year 
2006) 
Resource tons tons tons tons % 
Aluminium  2.05E+08 2.70E+10 3.20E+10 7.50E+10 45.97 
(Bauxite) 
Antimony 1.97E+05 2.10E+06 4.30E+06 N.A. 3.78 
Arsenic 5.27E+04 1.22E+06 1.84E+06 1.10E+07 1.00 
Barite 8.05E+06 1.70E+08 8.80E+08 2.00E+09 83.02 
Beryllium 1.98E+02 N.A. N.A. > 8E+04 1.00 
Bismuth 7.70E+03 3.20E+05 6.80E+05 N.A. 0.50 
Boron (as 4.35E+06 1.70E+08 4.10E+08 N.A. 20.00 
B203) 
Bromine 243000 Large Large Unlimited 0.50 
(Year (dead 
2006) sea contains 1 
billion tons of 
bromine) 
Cadmium 1.96E+04 5.90E+05 1.20E+06 6.00E+06 100 ppm 
Cesium N.A. 7.00E+04 1.10E+05 N.A. 23.30 
Chromium 6.98E+06 2.38E+08 N.A. 8.16E+09 43.52 
Cobalt 7.59E+04 6.60E+06 1.30E+07 1.50E+07 0.11 
Copper 1.54E+07 5.40E+08 9.40E+08 > 3.00E+09 0.58 
Feldspar 2.19E-+07 Large Large Large 45 
Fluorspar 6.04E+06 2.30E+08 4.80E+08 5.00E+08 25 
Gallium 1.11E+02 N.A. N.A. 1.00E+06 23 ppm 
Germanium  1.40E+02 N.A. N.A. N.A. 50 ppm 
Gold 2.26E+03 4.70E+04 9.00E+04 N.A. 0,22 g/t 
Graphite 1.12E+06 7.10E+07 2.10E+08 > 8.00E+08 50 
Gypsum 1.59E+08 Large Large Large 80 
Hafnium 2.60E-+05 5.60E+08 N.A. 1.00E+06 60 ppm 
(as HfO2) 
Helium 2.95E-+04 N.A. 6.60E+06 8.79E+06 7.00 
Indium 5.73E+02 1.10E+04 1.60E+04 N.A. 140 g/t 
Iodine 2.65E+04 1.50E+07 2.70E+07 3.40E+07 160 ppm 
Tridium N.A. N.A. N.A. N.A. 20.6 ppb 
Tron ore 2.22E+09 1.60E+11 N.A. >8.00E+11 51.05 
Lead 3.84E+06 7.90E+07 1.70E+08 > 1.5E+09 2.05 
Limestone 296,000,000 Large Large Large 6.00E- 
01 
Lithium 3.82E+05 9.90E+06 1.10E+07 2.55E+07 0.04 
(Lithium 
brines) 
Magnesium = 1.17E+07 N.A. N.A. Large to 45 as 
unlimited MgO 
Manganese 1.33E+07 5.40E+08 5.20E+09 Large 31.49 
Mercury 1.48E+03 4.60E+04 2.40E+05 6.00E+-05 0.38 
Molybdenum 1.84E+05 8.60E+06 1.90E+07 1.30E+07 0.03 
Nickel 1.57E+06 7.10E+07 N.A. 1.30E+08 1.30 


Continued on next page... 
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Table 6.10: Mineral world reserves, reserve base and world resources. All values 
are for 2008 if not otherwise specified — continued from previous page 


Production Reserves Reserve World Ore 
base resources grades 
(year 
2006) 
Resource tons tons tons tons % 
Niobium 6.29E+04 2.90E+06 3.00E+06 N.A. 0.64 
Osmium N.A. N.A. N.A. N.A. 82.2 ppb 
Palladium 2.04E+02 N.A. N.A. N.A. 158.5 
ppb 
Phosphate 1.61E+08 1.60E+10 5.00E+10 N.A. 0.11 
rock 
Platinum 4.65E+02 7.10E+04 8.00E+04 > 1.00E+05 See Pt, 
group Pd, Rh, 
metals Ru, Ir 
and Os 
Platinum 2.21E+02 N.A. N.A. N.A. 802.4 
ppb 
Potash 3.48E+07 8.50E+09 1.80E+10 2.50E+11 25 
Rare 1.34E+05 9.90E+07 1.50E+08 Undiscovered 6 
Earths resources are 
thought to be 
very large re- 
lative to 
expected 
demand 
Rhenium 5.65E+01 2.50E+03 1.00E+04 1.10E+04 223 ppm 
Ruthenium N.A. N.A. N.A. N.A. 220 ppb 
Selenium 1.51E+03 8.80E+04 1.70E+05 N.A. 2.50 
Silicon 6.16E+06 N.A. N.A. N.A. 0.65 
Silver 2.13E+04 4.00E+05 5.70E+05 Large 4.3 g/t 
Strontium 4.96E+05 6.80E+06 1.20E+07 > 1.00E+09 34 
Tantalum 1.17E+03 1.10E+-05 1.80E-++05 N.A. 0.65 
Tellurium 132 (Year 2.20E+04 4.70E+04 N.A. 1 ppm 
2006) 
Thallium 1.00E+01 3.80E+02 6.50E+02 6.47E+05 N.A. 
Thorium N.A. 1.30E+07 1.40E+06 2.50E+06 3 
Tin 2.99E+05 5.60E+06 1.10E+07 N.A. 0.48 
Rutile 6.21E+05 4.50E+07 N.A. 1.29E+08 0.69 
Ilmenite 6.79E+06 6.80E+08 N.A. 2.00E+-09 0.69 
Uranium 4.39E+04 5.47E+06 N.A. 1.00E+07 0.33 (as 
U3O0s) 
Vanadium 5.61E+04 1.30E+07 3.80E+07 > 6.30E+07 2.00 
Wolfram 5.59E+04 2.80E+06 6.30E+06 N.A. 0.72 
Yttrium 8.90E+03 5.40E+05 6.10E+05 N.A. N.A. 
(as Y2O3) 
Zinc 1.16E+07 2.00E+08 4.80E+08 1.90E+09 4.06 
Zirconium 1.28E+06 8.34E+07 N.A. N.A. 0.27 
(as ZrO2) 


End of the table 
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6.9 Summary of the chapter 


This chapter closes the analysis of the Earth’s components by undertaking a re- 
view of the different natural resources used by Man. Specifically, the available 
energy, potential energy use and current energy consumption of all known renew- 
able (geothermal, nuclear, tidal, solar, wind and ocean power, as well as for biomass) 
and non-renewable energy resources (coal, natural gas, oil and unconventional fuels) 
has been shown. 

In addition to energy sources, non-fuel minerals have been analysed. As opposed 
to fossil fuels, a mineral’s abundance is not so important if it does not occur in 
a concentrated deposit. Hence, in addition to the available resources registered, 
average ore grades for the main mineral resources have been provided. This is 
because both abundance and concentration are essential ingredients for calculating 
the exergy of non-fuel minerals. 

The book now turns to an analysis of how Man through “his” mining and met- 
allurgical industry makes use of the mineral resources. 


Chapter 7 


An Introduction to Mining and Metallurgy 


7.1 Introduction 


In the previous two chapters, a review of the geological and geochemical characte- 
ristics of the Earth was undertaken, emphasising the quality and quantity of the 
resources useful to Man. Now the aim is to analyse how society extracts and re- 
fines the raw-materials provided by Nature. Given the wide variety of minerals and 
conditioning facts, it is difficult to generalise these activities as well as their environ- 
mental impacts. This is why in this chapter an introduction to the main physical 
processes, costs and impacts appearing in the mining and metallurgical industry 
(exploration, mining, smelting and refining) as well as the reclamation of land once 
the mine is closed are offered, serving as an introduction to the more specific and 
detailed analysis of the metallurgy of key minerals explained later in Chap. 8. 


7.2 Exploration 


The mineral wealth of a region, country or even of the planet as a whole can only be 
known after its exploration. As the planet has been fairly explored, serendipity only 
exists for qualified professionals. Modern exploration is a dynamic and expensive 
process that is done in stages and only very few exploration projects ultimately 
become mining properties, typically in the order of 1%. Mineral exploration is the 
process of systematically analysing the presence or absence of mineral deposits in 
large enough concentrations for commercial extraction (Bateman and Jensen, 1981; 
Revuelta and Jimeno, 1996). Geochemical sampling, ground geophysical surveys 
and even preliminary drilling is undertaken. This then enables an estimation of 
potential ore grade, quality and tonnage of the new found deposit. 

With declining ore grades, exploration is increasingly focused on finding hid- 
den deposits below the surface. Hence, exploration demands substantial financial 
resources with strong degrees of incertitude. In fact, few countries have comprehen- 
sively evaluated their deep geological structures and large remote areas still remain 
inadequately explored. This phenomenon results from a lack of information which 
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is in turn often the consequence of insufficient resources (monetary or otherwise) 
for the development of regional geophysical surveys. Such surveys are the prereq- 
uisites to understanding and unlocking potential mineral or fossil fuel deposits, not 
to mention the identification of underground rivers and storage capacity for carbon 
sequestration, etc. 

The costs incurred by those involved in exploration are difficult to evaluate and 
as of yet there remains no standard practice for the reporting of accounts within 
the private sector. A good historical overview of the adoption of certain accounting 
practices can be found in Cortese et al. (2009) who state: “Given the significant 
economic consequences of the choice of the accounting method, it is hardly surprising 
that extractive industries have favoured flexible reporting practices that enable them 
to choose the methods of accounting for pre-production activities that presents them 
in the most favourable manner”. 

There are two main types which private entities choose to evaluate their ac- 
counts. Under the successful efforts accounting method, costs that lead directly 
to finding mineral reserves are capitalised, while those that do not are considered 
an expense. On the other hand, under full cost accounting, all costs incurred in 
searching for, acquiring and developing mineral reserves in a country or continent 
are capitalised as part of the cost of the desired finding, even though some of this 
cost was spent in an effort that was predominately a failure. 

The first method presents fewer benefits to the balance sheet, affecting the enter- 
prise stock of exchange image and discouraging investors from further exploration 
of new mineral deposits. It is however more heavily linked to the physical real- 
ity of the field and therefore some mining intensive countries like Australia have 
maintained this practice for more than thirty years albeit with some modifications 
(area-of-interest method). Proponents of full cost accounting methods meanwhile 
defend the practice in order to promote accelerated exploration programmes, since 
an exponentially growing demand for minerals needs exponential investments to 
satisfy it. But this is something which clearly avoids reaching a consensus as to the 
standardisation of accounting practices. 

Generally speaking, the exploration costs found in accounting books contain 
little information that can be of use for evaluating the mineral capital on Earth. 
Indeed any discovery of a mineral endowment influences the commodity price and 
hence the reality presented becomes strategic and opaque. As Cartwright (1994) 
argues this is “because the discovery and development costs usually bear no rela- 
tionship to mineral property value, the cost approach is an inappropriate method 
to use for estimating the value of a known mineral deposit”. If this is true, any 
assessor of mineral capital needs to resort to compiled mining surveys conducted by 
geological institutions. 
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7.3 Mining 


According to the U.S. Department of Energy (DOE, 2007), 6% of the U.S. primary 
energy consumption is used in the mining industry’ (excluding oil and gas). 

Mine size varies from small underground ones, producing less than 100 tonnes of 
ore per day, to open pits which daily remove thousands of tonnes. Extracted materi- 
als can be coal, metal minerals and industrial minerals. Metal minerals are the raw 
materials for metal production whilst industrial minerals are generally extracted for 
functional uses such as the production of fillers and pigments. 

The opening of a new mine implies a significant investment in machinery and 
infrastructures which in turn result in considerable social and environmental impacts 
which can either be temporal or definitive in nature. Once a mine starts producing, 
necessary activities include not only the extraction of ores and minerals but also 
the treatment processes such as grinding, which can take place either on or off-site. 

The most common mining method is that of open pit, which is also known as 
open cast. In the United States, 97% of all metals are currently mined in open 
pits whilst globally this equates to some 75%. Surface mining requires less energy 
per tonne of mined material than its underground counterpart but its impact on 
land is much higher. Essentially, one chooses one method over another based on 
the nature, size, depth and grade of the deposit. Mines are progressively enlarged 
until exhaustion unless they become uneconomic, i.e. their stripping costs exceed 
ore value. 

Depth and grade relate to overburden, defined as the surface material covering 
the deposit and waste rock, t.e the rock removed in the mining process to provide 
access to the ore body. The problem with the latter, is that the volume can be 
several times greater than the amount of ore extracted (stripping ratio). 

In both underground and open pit, operations are classified into extraction; ma- 
terials handling; beneficiation or processing. Extraction involves: blasting, digging, 
drilling, dewatering and ventilation. Blasting uses explosives for fracturing rock. 
Digging is a form of direct excavation. Drilling creates holes in the rock and is a 
technique mainly used for exploration, blasting preparation or tunnelling. Pump- 
ing, de-watering and air ventilation meanwhile are safety operations used solely in 
underground mining. Material handling and transport involves the use of vehicles, 
conveyors and slurry lines. 

The objective of beneficiating is to size and separate ore from unwanted ma- 
terials. It predominately consists of crushing, grinding and separation processes. 
Crushing is the primary step that converts the run-of-mine into medium size parti- 
cles. These coarse materials become further reduced to the desired granulometry in 
grinding processes that use abrasives as a cutting medium. Size reduction processes 
may also be carried out through wet screening and via different milling operations. 


lThe mining industry consumes approximately 1,315 PJ/yr of the 106,800 PJ/yr total U.S. 
primary energy consumption (DOE, 2007). 
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Currently, the separation of ore from waste is achieved by taking advantage of some 
of the physical properties of materials. Centrifugal separation is typically used for 
coal, whilst for metals and minerals flotation is common. Other possible methods 
are suspension, dispersion, screening, gravity separation, magnetic and a number 
of other ad-hoc separations. All are customarily highly intensive with huge energy, 
water and material demands. 

Energy, water and chemical consumption in mining is highly dependent on ore 
grade and thus varies mine to mine, depending on rock hardness, stripping ratio 
and whether the mine is open pit or underground. All factors greatly influence 
energy costs. A large proportion of energy consumption is associated with milling 
operations that are responsible for approximately 40%, albeit with great variations 
that typically accompany the given type of milled material (DOE, 2007). This is 
because the comminution processes (see Sec. 9.5.2.3) are irreversible. Thus, the 
energy required to grind minerals (also referred to as work index) varies from 1.43 
kWh/t for calcined clay to 134.5 kWh/t for mica. Meanwhile, the energy inten- 
sive separation processes are centrifugation in coal mining and flotation for metals 
and minerals. The energy requirement per tonne of ore is significantly higher in 
underground mining as opposed to open pit with a typical ratio of 25:1 but with 
important deviations depending on local geology, the size of the mine and the qual- 
ity of the equipment. The U.S. Department of Energy (DOE, 2007) for instance, 
claims that the best available practices for eight mined commodities (coal; potash, 
soda ash and borate; iron; copper; lead and zinc; gold and silver; phosphate rock; 
and limestone, which collectively account for 78% of the total energy use in the U.S. 
mining industry) could reduce their associated energy consumption by up to 50%. 
In open pit, it is the transfer of materials, after grinding, which consumes the most 
energy (in the form of diesel oil accounting for some 17%) whilst in underground 
mining, the highest energy consumption occurs in the dewatering and ventilation 
processes. In cases where water needs to be pumped out of the mine, the process 
of dewatering may have a high energy cost due to the large volume of water to 
be pumped and the elevated height to overcome. Water of course can be treated 
and reclaimed but this requires a yet further use of energy and chemicals. Water, 
generally not just in dewatering, plays an important role in mining (see for instance 
Mavis (2003)). It is required for drilling, size reduction, the transport of slurries 
or even in separation processes, such as flotation in which water is required at a 
certain quality. It is also employed for dust control and the prevention of explosions 
in underground mining. 

According to the Network on European Sustainable Minerals Industries Report 
(NESMI, 2005), there is a need for technological and fundamental research in mining 
processes. In particular, a development of new technologies was proposed in conti- 
nuous mining systems; remote mining methods; integrated transportation systems; 
new equipment for the excavation of hard rocks; high pressure roller and vertical 
mill systems; and variable speed control pumps. 
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Additionally, there is a huge potential in minimising gangue and other refuse 
material resulting from the washing, concentration, or treatment of ground ore, 
i.e. tailings, via recycling and re-use. There are for instance, immense amounts 
of low calorific residual coal in existing or abandoned coal mines across the globe 
that could be recovered in the future with new clean and efficient carbon-capture 
and storage technologies. Energy efficiency solutions are also needed, since they 
contribute to cost reductions whilst minimising greenhouse gas emissions. Likewise, 
good logistical planning in order to shorten transport distances, optimisation of 
blasting techniques to reduce the need for grinding; and gearless drive solutions for 
low-speed applications, may also help to make important savings. 

Should the above research and development needs be achieved, an improvement 
in energy, water and chemical consumption in the mining industry should certainly 
occur. 


7.4 Reclamation, rehabilitation and post-closure 


Reclamation of a mine once it is exhausted is a universally accepted norm, with the 
exact details of which dependent on the legal framework: national regulations or 
voluntary international standards such as [SO or even company policy the mine or 
mining company operates under. 

Each environmental externality must be converted into current production costs 
regardless of how costly they are. Backfilling the hole left by open-pit mining with 
waste rock and previously removed overburden?, re-contouring the land, replacing 
the topsoil and re-vegetating the mined site, restoring and improving the water- 
sheds, avoiding drainage and other rehabilitating actions are all responsibilities of 
the mining company. In addition, financial guarantee in order to ensure that recla- 
mation measures are stable with time and no long term effect has been left in the 
abandoned mine must be provided. This is especially important in the control of 
tailings dams, waste dumps and contaminated soils. Unfortunately very few mining 
plans take into account all these frequently hidden costs. 

Many environmentally conscious people would not react negatively towards min- 
ing if its activities would follow the sustainable development recommendations writ- 
ten by internationally recognised entities such as the Global Reporting Initiative? 
(GRI) who promote amongst other practices, transparent annual reporting. 


7.5 Smelting and refining 


Ferrous and non-ferrous metallic minerals undergo treatment, smelting and refining 
processes. These processes are, in general, very energy intensive. In fact, their 


2The rehabilitation and reclamation of the land once the mine closes depends heavily on the 
tonnage of waste rock removed. 
3https: //www.globalreporting.org/Pages/default.aspx. Accessed December 2013. 
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costs predominate over the rest in the overall industrial chain (from cradle to mar- 
ket). Two generic ways can be used: pyrometallurgical and hydrometallurgical. 
Sometimes, as in the case of nickel, a combination of both pyrometallurgy and hy- 
drometallurgy takes place. The former is generically referred to as “smelting and 
refining” and is the most commonly used technique. It melts and reduces the ore us- 
ing thermal energy. The latter is performed in aqueous solutions, taking advantage 
of differential solubilities and electrochemical properties. It thus depends on the 
particular solubility of an ore in strong basic or more frequently acidic water. Solu- 
bility in water requires less energy than smelting but does need aggressive chemicals 
and a finer grinding, which is a very energy intensive operation in its own right. 


7.5.1 Pyrometallurgy 


The Encyclopedia Britannica defines smelting as the “process by which a metal is 
obtained, either as the element or as a simple compound, from its ore by heating 
beyond the melting point, ordinarily in the presence of oxidising agents, such as 
air, or reducing agents, such as coke”. Refining typically refers to electrorefining 
processes, from which the output is a metal pure enough to satisfy market demand. 

Prior to smelting, carbonates and sulphides require a roasting or a calcination 
process that converts them into the corresponding metal oxide. For instance, in 
the case of malachite (CuCO3), limestone (CaCO3) and magnesite (MgCOs3) all 
undergo a simple thermal decomposition leaving the metal oxide free and liberating 
COz into the atmosphere. In the case of galena (PbS), it is first converted into 
sulphate and then thermally decomposed into the metal oxide, PbO and SOz2 gases. 
These gases are then further oxidised into sulphuric acid to treat the galena ore. In 
the case of copper sulphide (CuS), the exothermic reaction with air to form SO, 
acts as a fuel and almost only initial activation energy is needed to bring the system 
to incandescence. Sulphate roasting is also used in the production of water-soluble 
cobalt and zinc oxides for further hydrometallurgical processing. 

Each smelting process varies according to the nature of the ore, the metal in- 
volved and the purity of the final product. All however require a high temperature 
furnace with the addition of suitable reducing agents such as coke. The furnace 
produces impure molten bullion and waste materials that become easily separated 
by differences in density. In the case of sulphides, important by-products like gold 
and silver may also be obtained. Metals and alloys like lead, magnesium and espe- 
cially iron and ferrous compounds such as ferrochromium and ferromanganese can 
be produced either in a blast furnace or in the commonly used electric furnace at 
the expense of carbon (coal, coke or charcoal) which combusts into CO2 gas. The 
reduction’ of alumina ore occurs via electrolysis using as the electrolyte a molten 
cryolite (Na3AlF¢) capable of dissolving alumina (see Sec. B.2.1). 


4 As opposed to roasting, which heats raw material to a very high temperature in contact with 
air or oxygen-enriched air, reduction processes must be undertaken at high temperatures and in 
the absence of air. 


An Introduction to Mining and Metallurgy 171 


The newly developed technique of flash smelting of sulphide ores, meanwhile, 
takes advantage of the accompanying iron sulphides®. This process forms a slag 
with fluxing material (limestone), an iron oxide and another stream, a matte that 
contains a partially oxidised metal-iron concentrate. The energy liberated by the 
oxidation of iron sulphide is recovered to reduce the sulphide metal to its elementary 
state. Copper and nickel are produced in this way. A final converting furnace 
oxidises the iron sulphide of the molten matte with blown air. This two-step process 
also facilitates the recovery of SO2 gases. 

Electrorefining is the last step used in the purification of non-ferrous metals. It 
is an electroplating process, whereby the non-purified metal constitutes the anode, 
which is dissolved in an acidic electrolyte transporting media. On passing an electric 
current, the metallic ions migrate to the cathode where they deposit as pure metal. 
Impurities containing oxygen, sulphur and other base metals are thus eliminated. 

It is very important to understand the behaviour of elements in order to re- 
cover valuable metals such as Ni, Cu and Co or to eliminate detrimental impurities 
such as As, Sb and Bi, especially as the processes described above work at very 
high temperatures and release volatile and highly toxic gases, including those of 
heavy metals (Tan and Neuschutz, 2001). This is because thermochemistry plays a 
key role. It dictates the Gibbs free energies and the temperatures for the thermal 
decomposition, melting, reducing and electrorefining processes. A comprehensive 
overview of this behaviour is provided by the Ellingham diagram (Ellingham, 1944) 
in which AG of any metal reaction (mainly oxidation processes) is graphically rep- 
resented over temperature (a thermodynamic overview of smelting processes and 
the Ellingham diagram are explained in detail in Sec. 9.4.3.1). 


7.5.2 Hydrometallurgy 


Hydrometallurgical techniques can be used for the recovery of ores, concentrates, 
recycled or residual materials. They offer an alternative way of energy savings by 
taking advantage of aqueous chemistry. Leaching or metal lixiviation is the first 
and main stage. A reagent dissolved in water extracts valuable metals producing 
the pregnant liquor stream PLS, ready to be treated. The most common reagent is 
sulphuric acid® but ammonia and alkalis may also be used. The most commonly 
utilised process occurs in the open air where the material is arranged in extensive 
heaps or in dumps and the leach solution is sprayed and left to percolate through 
the material and emulate naturally occurring processes. Alternatively, large tanks 
or vats can be used to better control pH, oxygen, pressure or temperature. The re- 
covery of metals from the PLS may undergo a wide and an ever-expanding range of 
versatile techniques such as concentration, purification from undesired substances, 


5From a thermodynamic viewpoint it is not reasonable to first convert sulphur ore into an oxide 
for metal recovery when it is cheaper from an energy perspective to convert it directly. This is 
because the chemical potential of the sulphide is higher than that of the oxide. 

6Sulphuric acid is corrosive and non-metal-selective. It thus complicates the process downstream. 


172 Thanatia: The Destiny of the Earth’s Mineral Resources 


evaporation, organic solvent extraction, membrane separation, ion exchange, ad- 
sorption and other physical separation techniques. These are combined with re- 
duction processes. Electrolysis reduction in a weakly acidic aqueous solution is an 
important technique in particular, as is electrorefining (electrowinning) for the high 
purification performed in obtaining most non-ferrous metals. 

Biohydrometallurgy” is an intermediary field between biotechnology and hy- 
drometallurgy that uses microbes for the bioleaching and bio-oxidation of metal 
ores (see for instance Rossi (1990)). In theory, almost any chemical process can 
be undertaken with bacteria and this opens up a large field for development. Such 
processes are now used, for example, in the treatment of heavy metals and wastew- 
ater as well as in the recovery of high value metals such as copper, nickel, lead, 
zinc and gold. In fact, at present, over 15% of the total U.S. copper production 
comes from bacterial leaching. Much of this is dump leaching on mine tailings but 
there is a growing sophistication in in situ leaching, in which bacteria-laden wa- 
ters are pumped into ore deposits and retrieved through separate pumping wells. 
Bacterial mineral leaching processes require relatively small energy inputs and offer 
accessibility benefits where ores are difficult to find. However, for the bulk of the 
metal processing industry, this technology has limited commercial application since 
passive bioprocesses are slow and bacteria-metal resistant limits still need to be 
determined (Sarveswara Rao and Acharya, 2008). 

Biological options aside, a large part of metallurgical processes of metal refining 
take place with pyrometallurgical techniques, however the hydrometallurgical ones 
are increasing in importance due to their potentially smaller environmental impact. 
Lakshmanan et al. (2003) for example, states that hydrometallurgical processing 
has shown itself to be highly innovative and economic with environmental prospects. 
King (2007) also comments that “many positive things come from the forced changes 
in the non-ferrous metals industry and perhaps the best example is the closure of 
the sulphur loop. It is now accepted that in pyrometallurgical operations, SO 2 will 
be captured and sulphuric acid will be produced. In turn, this acid can be re-used 
by industry in applications such as the leaching of oxide ores or the leaching of 
sulphide concentrates”. 

That said, none of the methods differ greatly in GHG emissions for the very 
technologically optimised case of copper. Mudd (2010b), based on Norgate and 
Rankin (2002), estimated that Australia’s average 2008 ore grade of 0.95% Cu, 
contributed to 8.7 and 8.9 t CO2 — e/t Cu for pyrometallurgical and hydrometal- 
lurgical processing respectively. Unfortunately and as Marsden (2008) points out 
for the well-known case of copper, hydrometallurgical processes are strongly depen- 
dent “on ore mineralogy, ore grade, by-products, the metallurgical response of the 
ore to the process options, the presence of deleterious elements and other factors 
including throughput rate and those environmental, geographical, etc in nature. 


7A crude form of leaching metals from low-grade ores using living organisms which can be traced 
back to ancient societies. 
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The response of each ore to a particular process (i.e., process throughput, metal 
recovery, etc) has a big impact on energy consumption and each process application 
must be considered on a case by case basis. Process selection decisions must be 
likewise based on detailed economic analyses that consider capital, operating costs 
(including energy consumption), metal recoveries, prices, discount rate and other 
factors, not energy efficiency alone”. 


7.6 General environmental issues 


The Blacksmith Institute and the Green Cross Switzerland publishes a yearly report 
indicating the world’s top ten worst polluted places. In 2008 four out of ten worst 
polluted places were associated with mining and smelting. Both industries cause 
enormous devastation to the environment on a local, regional and even global scale. 
It is therefore important to analyse such effects in detail, something to which the 
authors now turn. 


7.6.1 The environmental impact of mining 


Mining is one of the activities with the greatest environmental impact from a cradle 
to grave perspective. As aforementioned, most mining is currently open pit and 
as ore grades decrease, ever larger amounts of waste rock and energy, water and 
materials are needed to extract the desired materials or metals. Mining modifies 
the landscape and has a lasting impact on communities and natural resources, 
disturbing the land, watersheds, groundwater and air. The disposal of waste rock, 
tailings and toxic materials, acid drainage or energy consumption and high GHG 
emissions are all important health and environmental concerns for mine employees 
and those living in the vicinity. 

Furthermore as demand for minerals grows and the highest quality mines are 
already exploited, wider open pits will be dug, and the effect on the environment 
intensified. However, minerals together with water and energy are vital to Man’s 
existence. They constitute the motor of development and will be always needed for 
machinery, additives, food or shelter. Also “although some degree of disturbance 
is inevitable even in the best-managed mines, nearly all negative social and envi- 
ronmental impacts are avoidable if companies would operate according to the best 
possible standards” (Miranda et al., 2005). Such standards should result in “least 
harmful mining practices’ which in turn need to be implemented and universally 
accepted by mining companies, governments and stakeholders. 

One way to facilitate this is to promote sustainable mining, which is a matter 
that invokes exploration, technology, economics and concerns that are environmen- 
tal, social and political in nature (Mudd, 2010b). A remarkable number of con- 
tributions in this field have already been produced in the recent years such as the 
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Mining Minerals and Sustainable Development Project (MMSD, 2002)°. 
The authors now go on to describe, briefly, some of the most important envi- 
ronmental impacts and the necessary actions to mitigate them. 


7.6.1.1 Water pollution 


Both open-pit and underground mining may modify local watersheds, changing their 
dynamics and chemical quality. Indeed water, the first resource affected by mining, 
is a primary vehicle for contamination. This is because large amounts of water are 
required in the leaching process resulting in the release of wastewaters which can be 
extremely acidic. The lack of sufficient buffering materials such as limestone with 
which to neutralise the acid is the primary cause of acid rock drainage. Drainage 
from waste rock in dumps occurs when they are not sufficiently lined. Acid rock 
drainage and management of cyanide are a major concern to companies, the general 
public and their governments. In regions with high water stress, water consumption 
is an especially sensitive issue, since the resource is diverted towards the mine at 
the expense of other local users. 

The larger water footprints which occur as mine ore grade decreases, leads to 
ever graver conflicts and water shortages. For mining companies however, very 
large wastewater facilities greatly increase production costs. This is because the 
relationship between decreasing ore grade and increasing water demand is not linear 
but exponential. Consequently water demand and wastewater treatment may well 
become a determinant factor in mine closure. Water affected by mining may also 
contain metals in low concentrations and those toxic residues used in the separation 
processes. Even at very low concentrations such species are detrimental to aquatic 
ecosystems and agriculture which serves to exacerbate social and environmental 
issues. 

All these phenomena require serious wastewater flow treatment and a conscious 
planning of the mine site to avoid the pollution of aquifers and the surrounding 
rivers and wetlands. 


7.6.1.2 Solid waste and materials handling 


The 2004 Earthworks and Oxfam America Report (Earthworks and Oxfam, 2004) 
states that “Open-pit mines produce 8 to 10 times as much waste rubble as under- 
ground mines. This rubble is generally piled into enormous mounds, some of them 


8The Mining, Minerals, and Sustainable Development Project was launched in 2000 by the Global 
Mining Initiative and culminated in the report “Breaking New Ground” released in 2002 for the Jo- 
hannesburg Summit (MMSD, 2002). Other projects include: Extractive Industries Review (EIR); 
the World Conservation Union (IUCN)-International Council on Mining and Metals (ICMM) di- 
alogue; the Global Reporting Initiative mining sector supplement which provides the basis for 
sustainability reporting and the Euromines- ICMM common approach to include ores and concen- 
trates under the EU REACH legislation. Worth noting is also the Extractive Industries Trans- 
parency Initiative (EITI), a global coalition of governments, companies and civil society working 
together to improve openness and accountable management of revenues from natural resources. 
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reaching heights of 100 meters”. This rubble may be overburden or consist of sterile 
waste rock, low grade ores or solid leached residues. Some of which (substances 
such as asbestos, arsenic, crystalline silica, lead mercury, heavy metals and/or ra- 
dioactive materials) may be dangerous to human health and could under certain 
conditions migrate out of the assigned site and find their way into ecosystems, where 
a whole host of organisms are then exposed to their detrimental and even deadly 
effect®. 

Gold mining is a typical example of where huge, even excessive, amounts of 
rock and toxic substances are released into the environment in order to obtain ever 
decreasing amounts of metal “scraps”. Indeed one gold ring may have an environ- 
mental “rucksack” containing between 20 and 70 tonnes of waste rock. Moreover 
the environmental impact is likely to increase gradually into the future - in terms 
of energy, water, chemicals and GHG emission costs. According to Mudd (2007b), 
the average environmental costs of gold production per kg of Au extracted are 148 
GJ, 691,000 litres of water, 11.5 tonnes CO2-eq and 141 kg of cyanide, in addition 
to lead, arsenic and mercury emissions. Mudd (2010b) also states that “Given the 
growing scale of modern mine waste, even if only 1% of wastes continued to cause 
pollution (i.e. rehabilitation is 99% perfect), this amounts to tens to hundreds of 
millions of tonnes leaving a lasting environmental legacy”. 


7.6.1.3 Energy consumption 


According to the Worldwatch Institute, mining consumes 4-7% of all energy used 
worldwide (Miranda et al., 2005). TheInternational Energy Agency estimates it to 
be at 7-10%. Almost 40% of this energy consumption is used in milling operations 
(DOE, 2007), although the exact figure varies greatly with the grinding material 
and the amount of rock to be ground (the energy used in milling is inversely pro- 
portional to the particle size). Transportation and material handling in open pits 
meanwhile consume on average 17% of total energy in the form of diesel oil, whilst 
any operations such as ventilation and dewatering in underground mining consume 
significant amounts of energy too (DOE, 2007). As explained previously, the energy 
consumed in mining relates heavily to the ore grade with declining ones demanding 
additional resource consumption!®. Therefore, energy availability is a key factor in 
mining. Minerals and energy are very closely related, since there are no minerals 
without energy but equally no energy without minerals. 

This important issue is described in detail in Chap. 8, where the energy consump- 
tion associated with the mining and metallurgy of selected minerals is analysed. 


9 As such, special disposal sites with liners are absolutely necessary so to avoid the contamination 
? 
of groundwaters and the surrounding landscape. 
10\Moreover, the energy consumption rises even more with increases in water use, wastewater 
? ¥ 
treatment, GHG emissions and stricter environmental regulations. 
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7.6.1.4 Air pollution 


Fossil fuel consumption either for electricity production or for materials transport 
and handling emits enormous amounts of GHG. In the future and within the frame- 
work of sustainable mining, mining facilities will need to apply either carbon capture 
and storage (CCS) or intensive renewable energy use. Such abatement costs will 
raise mining expenditure!!. The use of diesel oil in transport, for example, will need 
to be replaced with alternative means such as electrical conveyors or cleaner fuels. 

GHG emissions aside, mining companies may have specific hazardous airborne 
emissions such as those of mercury and lead. Lead may provoke neuropsychological 
effects and cognitive defects, especially in children. Meanwhile mercury, if inhaled, 
is physiologically converted into methyl-mercury which is one of the most power- 
ful neurotoxins. And, according to the U.S. Toxic Release Inventory!*, the metal 
mining industry is responsible for approximately 9% of all U.S. industrial mercury 
emissions to air. 

Other metallic pollutants caused by mining are As, Sb, Be, Cd, Cr,Co,Cu, Mn 
and Ni. Finally, diesel combustion and electricity production also emit a number 
of polycyclic aromatic hydrocarbons (PAH) and other non-metal compounds that 
should be monitored. In fact, good monitoring and an oversight with transparency 
will help avoid both short and long term (latent) catastrophic failures. 


7.6.2 The environmental impact of smelting 


Smelting processes generally need a reducing agent, a solvent to facilitate the reac- 
tion and high temperatures to melt the ore. The necessary temperature is obtained 
from the combustion of a fossil fuel, usually coal. The oxide reducing agent is ge- 
nerally coke and the solvent, or flux, limestone. If the process is electrochemical, 
electricity is required, which is usually generated from coal combustion. This pro- 
duces staggering amounts of C'O2. Other air pollutants may also be emitted such 
as sulphur dioxide originating from sulphide smelting and hydrogen fluoride from 
aluminium processing. Fugitive gases can also produce smog, ozone, nitrogen and 
sulphur oxides, carbon monoxide and particulate material, thus contaminating the 
surrounding environment, including soils and waterways. The large volumes of sul- 
phuric acid used in metal production are another important issue which can lead 
to acid rain. 

The solid waste slag meanwhile produced by smelters contains significant 
amounts of heavy metals (lead, cadmium, arsenic, chromium, mercury, nickel, cop- 
per, selenium and/or zinc) that require appropriate treatment in order to avoid 
metal-bearing dust particles and wastewater. 


11Furthermore, the polluters pay principle means that at the final link of the chain, consumers 
need to be aware of the environmental impact of mining and pay for it. 
12Toxic Release Inventory (TRI). http://www.epa.gov/tri/. Accessed April 2013. 
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Strict environmental regulation in many countries has successfully led to more 
efficient technologies and new smelting plants operating with increasingly lower 
emission levels. Electrostatic precipitators and desulphurisation plants have reduced 
or even removed some environmental impacts especially those of heavy metals dust 
and acid rain. They have also removed the issue of bioaccumulation associated 
with particulate matter emitted from smelters, which became a very important 
research matter in the 1980s and 1990s (Reichrtova et al., 1989; Leita et al., 1991). 
Additionally, water treatment in a closed cycle is becoming a current technology. 
Slag, should the metal concentrations contained within it be high enough, also 
presents a future recycling opportunity using for example microbial processing!’. 

In a foreseeable sustainable production of metals, green technologies and leg- 
islation (which have already influenced the price of metals), will increase prices 
further. Energy efficient practices need to reduce energy costs and compensate for 
additional energy and capital expenditures that serve to meet increasingly stringent 
environmental regulations and international voluntary standards such as those of 
the ISO series. 

Investments in energy-efficient and environmentally friendly technologies are 
costly but necessary and could be compensated by an increase in metal prices on the 
world market. However, modern smelting plants still do not consider CO2, capture 
and storage as a feasible option, at least not in the short term. 


7.7 Summary of the chapter 


This chapter has provided an overview of the general techniques, impacts and costs 
associated with the mining and metallurgical industry. 

Exploration is the first and probably the most difficult activity to be undertaken 
before mining effectively starts. As the mines containing the best ore grades have 
been already exploited, exploration needs to move to steadily more remote sites. 
That said, there remain large areas still inadequately explored simply because it 
is intrinsically very expensive to do so. There is also the problem of incertitude. 
Indeed, exploration costs are also hard to evaluate whilst there is no standard 
practice for the reporting of accounts. As such, generally speaking, accounting 
books cannot be reliably used for assessing the mineral capital on Earth. 

After a commercially exploitable mineral deposit has been found, the next step is 
the mining process, which can be either open-pit (surface mining) or underground. 
The former requires less energy per tonne of material mined but its impact on land is 
much higher than the latter. Mining operations are further classified as extraction 
(which includes blasting, digging, drilling, dewatering and ventilation), materials 
handling and beneficiation. The metallurgical processes then follow. 


13Vitousek and Matson (1986) was among the first to suggest that microbial processing technolo- 
gies offer opportunities to mine minerals that have remained uneconomical. 
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Opposed to mining operations which are mostly mechanical, metallurgical tech- 
nologies involve thermal and electro-chemical processes that are very energy inten- 
sive and in many cases their costs predominate. Ferrous and non-ferrous metals 
undergo treatment, smelting and refining to obtain the pure material. There are 
two generic ways to extract the mineral from the ore: the pyrometallurgical route, 
which reduces the ore using thermal energy, and the hydrometallurgical one, which 
is performed in aqueous solutions taking advantage of differential solubilities and 
electrochemical properties. Pyrometallurgical techniques are more frequently used 
but the hydrometallurgical ones are increasing in importance due to their potentially 
smaller environmental impact. 

Mining activities are responsible for important damages on the environment. 
They consume between 6 to 10% of many nations’ primary energy consumption 
whilst producing significant amounts of waste rock and emissions to air, water and 
soil. Therefore, sustainable mining and metallurgical practices should be promoted 
through more environmentally stringent legislation. 

In summary, the Olympic motto Citius, Altius, Fortius (Faster, Higher, 
Stronger), apart from promoting sporting excellence, may also be an apt way in 
which to describe the current state of mining. Investigation and excavation is ever 
deeper and forever pushing the boundaries of increasingly remote sites. Extraction 
and refining requires progressively more energy. The removal of materials likewise 
must be accelerated to match the exponentially growing demand for minerals. So 
the motto of the miner could be translated to: Faster, Deeper and Stronger. 


Chapter 8 


Metallurgy of Key Minerals 


8.1 Introduction 


There is a wide variety of metallurgical processes undertaken in industry, which 
vary according to the metal and byproducts treated, ore grade, mining conditions 
and economic, environmental and technological constraints amongst others. Hence, 
the only way to rigorously analyse the associated costs within and of metallurgical 
processes is to undertake comparative life cycle assessments for the whole production 
chain of each given commodity. 

As will be seen in the following sections, the metallurgy of many metals is closely 
related since they are byproducts of other principal metal extraction. This fact is 
shown graphically in Fig. 8.1, where a metal wheel displays a combination of jointly 
occurring metals in ore deposits. 


Oxide Ores Carrier metals, bulk metals, generally of lower 


value. 


Co-elements that also have considerable 
production infrastructure. Valuable to high 


economic value; some used in _ high-tech 


applications. 
Interconnected i Co-element that have no, or limited considerable 
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Fig. 8.1. Metal Wheel. Redrawn from Verhoef et al. (2004) and Reuter et al. (2005) 
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In what follows, the authors describe the peculiarities of key minerals paying 
special attention to the best available practices and emphasising the associated en- 
vironmental impacts and energy costs. Among the significant references, the reader 
can consult the Ullmann’s Encyclopedia (Ullmann and Gerhartz, 2002), the BREFs 
(Best available techniques Reference Documents) entitled “Reference Document on 
Best Available Techniques in the Non-Ferrous Metals Industries, 2009” (IPPC, 2009) 
and “Reference Document on Best Available Techniques on the production of Iron 
and Steel”, (IPPC, 2001, 2012), Wills and Napier-Munn (2011) or the Ecoinvent 
database (Classen et al., 2007). In addition, detailed information about geoche- 
mistry and main uses for each individual element can be found in Sec. B.2 in the 
Appendix. 

The minerals described are sorted by industrial relevance in terms of historical 
production and grouped according to their ore and/or final use. 


8.2 Iron and steel 


8.2.1 Process 


Steel production is derived from the carbon reduction of hematite (F'e2O3) and 
magnetite (Fe304) ores. Although there are other routes, most from ores comes 
via the blast furnace/basic oxygen furnace. The blast furnace is the centre of the 
process where all the steelworks are integrated and is maintained at temperatures 
of 2000°C to 2300°C. The ores and iron pellets are the major raw materials fed 
into the blast furnace. They are designed to comply with an appropriate size and 
hardness. It is also fed by alternate layers of coke and coal followed by sinter ore 
and limestone. The former is produced in an agglomeration process that recycles 
fine dust particles with residues and additives to charge the blast furnace. The 
latter is the main constituent of the flux that melts silicon dioxide impurities in 
the ore and is decarbonised and converted into calcium oxide in the middle zone 
of the furnace. This calcium oxide then reacts with the silica contained in the 
ore to produce calcium silicate that forms a liquid slag. The slag is pelletised and 
commonly sold to cement plants as an additive for road construction. 

Coke meanwhile is produced in a coke oven gas (COG) and is obtained by 
coal pyrolysis z.e. the heating of coal in an oxygen-free atmosphere. It is a better 
fuel and reducing agent than natural coal. As the reduction process is completed by 
oxidation of carbon monoxide, a great blast of pre-heated air (around 1200°C) needs 
to be injected into the bottom of the furnace- approximately 4 tonnes per tonne of 
liquid iron. This partially oxidises the coke to carbon monoxide and produces the 
heat needed to maintain the temperature whilst the carbon monoxide reduces the 
iron oxides to produce liquid iron. This “hot metal” and the less dense molten slag 


are tapped off separately from the bottom of the furnace!. 


See http : //www.thepotteries.org/shelton/blast_ furnace.htm. Accessed Nov. 2011. 
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The product obtained from the blast furnace is called pig iron, with a carbon 
content of around 4%. This must be lowered to less than 0.01-0.4% to produce 
steel. Therefore the liquid hot metal is discharged on a railed torpedo ladle that 
directly carries it to a basic oxygen furnace (BOF). The objective of the BOF is to 
oxidise the carbon excess as well as removing other impurities including sulphur, 
magnesium, phosphorus and manganese. Other metals are added in the case of 
alloy production. The steps are as follows: first, the hot metal is desulphurised and 
de-slagged with caustic soda amongst others. Subsequently, the hot metal enters the 
BOF, a furnace operating in a semi-continuous process that involves the charging 
of molten pig iron and scrap; oxygen blowing, sampling, temperature recording and 
tapping. The energy required is supplied by the exothermic oxidation reactions and 
the heat balance is controlled through additions of scrap or ore. Subsequently, the 
hot metal receives a secondary metallurgical refining treatment and the process ends 
with either continuous casting or the production of ingots. The main gas exiting 
the BOF is carbon monoxide, which after being cleaned is mixed with blast furnace 
gas and burnt in a cogeneration plant (Stubbles, 2011). 

The electric arc furnace (EAF) plays an increasingly important role in integrated 
steelworks as recycling becomes more commonplace. It is used to convert scrap 
iron into steel. An EAF heats the charged scrap and some ferroalloys to adjust 
the desired composition of the finished steel. It essentially consists of a refractory- 
lined hemispherical vessel with typically three graphite electrodes. The furnace is 
built on a tilting platform to discharge the liquid steel with voltage set to increase 
as melting progresses. Oxygen is then blown in order to decarbonise the melt 
and remove impurities. Therefore the furnace is also charged with slag formers 
like limestone and dolomite, as fluxes, at temperatures around 1600°C. At these 
temperatures the fluxes decarbonise and melt the iron oxide and other undesired 
oxides such as those of phosphorus and silicon, producing a slag which floats on 
the surface of the molten steel and maintains its temperature. As iron oxide forms 
in the oxygen blown, granular carbon is added as a reducing agent. This reaction 
produces carbon monoxide where bubbles convert the slag to foam which serves to 
protect the furnace walls and improve the energy transfer from the arc to the bath. 
The refining operations for adjusting steel composition take place once the scrap 
has been completely melted down. This melting process takes around 37 minutes 
(IPPC, 2001; Kawatra, 2011)”. A general scheme of stainless steel production is 
shown in Fig. 8.2. 


8.2.2 Energy and environmental issues 


Even if iron and steel production requires a very intensive consumption of raw 
materials and energy, its long establishment as an industrial process means that it 
is also a highly optimised and integrated one. Yet despite this, almost half of the 


See also: http : //en.wikipedia.org/wiki/Electric_arc_ furnace. Accessed May 2013. 
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Fig. 8.2 Stainless steel production (Norgate et al., 2007) 


151 Mt input? ended up as off-gases, process gases and solid production residues 
(IPPC, 2012). 

According to the IPPC (2012) the specific energy demand has been reduced 
from the 23 GJ/t of liquid steel needed in 1980 to approximately 18 GJ/t in 2004 
for modern integrated steelworks. For secondary steel production meanwhile, the 
(IPPC, 2012) reports an average energy consumption of 5.9 GJ/t for European 
electric arc furnaces with a fossil fuel input of about 0.5 GJ/t liquid steel. 

Norgate et al. (2007) report a life cycle gross energy requirement beginning with 
the mining of iron ore to the production of steel produced in the integrated route 
of 23 GJ/t. For stainless steel produced in an EAF this figure increases sharply to 
75 GJ/t. Norgate et al. (2007) also propose a global warming potential (GWP), for 
steel and stainless steel of 2.6 and 6.8 t CO2 —e/t Fe respectively. If one compares 
such values to the next evaluated case of aluminium it becomes clear that a tonne 
of primary aluminium needs approximately 10 times more energy than a tonne of 
steel. The same relationship exists for the GWP (Beer et al., 1998). 

Others such as the Bureau of International Recycling (Grimes et al., 2008), 
publish slightly different values as to the energy requirements of 1 tonne of steel 
manufacture. For primary production, they report two figures: 14 GJ (BF-BOF 
route) and 19.20 GJ (direct reduced iron + EAF route). For its secondary produc- 
tion (only EAF route) they state 11.7 GJ. In this report, the carbon footprint for 


3The 206 Mt of crude steel produced in the EU27 in 2006 required 126 Mt of iron ore, 121 Mt of 
scrap, 53.5 Mt of coal, 32.2 Mt of limestone and dolomite and 17.7 Mt of other additives. 
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primary production is 1.67 t CO. (only BOF route) and 0.7 t CO» (direct reduced 
iron + EAF route) respectively. For scrap production the CO emissions reported 
also stand at 0.7 t (only EAF route). Additional energy requirement values from 
earlier studies are reported in Table 8.3. 

With respect to environmental issues, the steel industry ranks as one of greatest 
contributors of CO2 emissions in the world, despite efforts to take increasing care 
of all the solid residues, fumes and gases generated in all the processes through 
flue-gas treatment plants. Its large quantity of emissions derives from the need of 
huge amounts of coal to reduce the ore, the application of heat for melting the 
metal, the fuels burnt in transporting materials and the electricity used in oxygen 
production, not to mention direct consumption. Also as coal is the key feedstock for 
the reduction process, the industry is traditionally located in areas with coal and/or 
iron ore mines and electricity is typically coal generated. This practice increases 
COz emissions further, compared to other less emitting technologies such as natural 
gas combined cycles or hydropower. Many believe that the industry must begin, 
given the level of carbon emissions emitted, to invest in CO2 capture and storage 
technologies (IPPC, 2001; EPA, 2010). 

GHG and GWP are not the only concerns relating to atmospheric emissions. 
Indeed sinter plants of an integrated steelworks account for up to 50% of the total 
dust released. Their off-gas emissions can contain heavy metals, including SO2, 
HCl, HF and persistent organic pollutants. In the coke oven plants, the flue-gases 
originating from the under-firing of coal and mixed in with other process gases in 
order to take advantage of their exergy, contain CO2, SOs, tar, naphthalene, light 
oil and various other dust particles. The blast furnace meanwhile principally emits 
COz because ore reduction is done with coke. Dust, wastewater from gas scrubbers 
and sulphur emissions from slag treatment are also important considerations that 
require additional abatement processes. 

The basic oxygen furnace plants meanwhile are responsible for the induced emis- 
sions relating to oxygen production as well as dust emissions, should the collecting 
systems become insufficient, wastewater when wet de-dusting occurs and solid pro- 
cess residues from hot metal treatments. In the EAF the key environmental issues 
revolve around the off-gas. Such issues include dust emissions, slag production, cool- 
ing water demand and those effects associated with the production of electricity and 
pure oxygen. 


8.3. Aluminium 


8.3.1 Process 


Aluminium oxide or alumina is the raw material required in aluminium production. 
Alumina is obtained in the Bayer process from bauxite ore, which is a mixture 
of various aluminium hydroxides with impurities of iron oxides, quartz and clay 
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minerals. A tonne of primary aluminium needs approximately 2 tonnes of alumina 
which in turns requires 4 to 6 tonnes of bauxite. A representative aluminium smelter 
will produce some 125,000 tonnes of aluminium annually and consists of around 300 
pots. 

The Bayer process involves the digestion of bauxite in caustic soda at 280°C and 
its subsequent precipitation at 55-70°C. The obtained hydroxide is then calcined to 
obtain alumina at temperatures of around 1000°C. The mix of materials that does 
not dissolve in the digestion process is known as red mud. This is washed with 
condensate to reduce any free alkali to the lowest level. 

Alumina is a very stable material whose direct reduction requires very high 
temperatures. To avoid the need for that, alumina is dissolved in molten cryolite 
(Na3AlF¢) to 960°C leaving Al to be extracted by electrolysis using Hall-Heroult 
cells. These are made of carbon and are connected in series. The direct current 
passes from the anode through the bath (fed with alumina to maintain a content 
of 2 to 6%) to the cathode and from there to the next cell at low voltage but very 
high current (typically some 150,000 A). Current density at the anode face is 0.6 - 
1.3 A/cm”. The cathode is insulated by refractory bricks inside a rectangular steel 
shell container known as a pot, where the aluminium ion is reduced to an aluminium 
metal that flows to the bottom and is siphoned off. At the carbon anode, oxygen is 
formed and rapidly reacts to produce carbon dioxide and thus the anode needs to be 
replaced regularly. Aluminium fluoride (AlF3) is added to the cells to decrease the 
bath temperature and neutralise any sodium oxide impurities. This positive effect 
is however offset by an increase in fluoride emissions. Process gases are collected by 
dry alumina scrubbers to remove the perfluorocarbons and hydrogen fluoride. Tars 
but not sulphur dioxide nor carbon dioxide are additionally retained. Any alumina 
leaving the scrubbers is amassed in fabric filters and recycled to the cells. 

The way in which alumina is fed into the system together with the specific 
anode used are the two main factors which serve to characterise the cell type. Two 
major types are currently in use: firstly and most commonly are those employing 
prebaked carbon anodes followed by the self-baking Soderberg anodes, which are 
composed of a mixture of calcined petroleum coke and coal tar pitch. In the former, 
anodes are manufactured in a separate production plant, whilst the anodes of the 
latter are made in situ to take advantage of the heat arising from the molten bath 
whilst saving on capital and labour. Soderberg anodes are however less efficient and 
experience greater difficulties in collecting baking fumes (IPPC, 2009). 

Fig. 8.3 shows schematically the processes associated with the aluminium pro- 
duction. 


8.3.2 Energy and environmental issues 


Generating primary aluminium is extremely energy intensive. Around half of the 
electricity used in manufacturing non-ferrous metals is assigned to producing it, 
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Fig. 8.3 Aluminium production processes (IPPC, 2009) 


a quantity which entails about 3.5% of the entire globe’s electricity consumption. 


The average specific consum 


produced from alumina (15 4 


ption is approximately 52 to 56 GJ/t of aluminium 
t 0.5 kWh/kg Al) (Norgate et al., 2007). This figure 


has however declined by about 0.4% per year over the last 25 years but still means 
that those in the sector look for sites where electricity is cheapest. Fortunately, 
43% of the world primary production is recycled, since the re-melting and refining 


of secondary aluminium accounts for only 5% of the energy needed to produce 


primary aluminium. 
The calcining process of 


alumina is also a highly demanding energy process. 


According to the International Aluminium Institute (IAI, 2008), the global average 
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energy intensity was 120 GJ/t of alumina in 2006, with a range from 112 GJ to 145 
GJ/t, depending on exact location. The smelting process consumes around 70% and 
the alumina production around 18% of the total energy used per kg of commercial 
primary aluminium. According to Norgate et al. (2007) in a cradle to gate LCA 
study undertaken for various common metals, the GWP, of primary aluminium for 
electricity generated by coal was as high as 22.4 kg CO» — e/kg Al, a figure second 
only to titanium. In the same report, 211 GJ/t was stated as the gross energy 
requirement. Norgate et al. (2007) also mention that the new cell design referred to 
“vertical electrode cell” could save as much energy as 25-30% over the Hall-Heroult 
cell conventional process, thus reducing the typical value of 15 to 11 kWh/kg Al. 
The ideal case of using hydropower instead of coal to decrease its GWP further is 
subject to local availability. An intermediate case for such reductions is the natural 
gas combined cycle, which produces electricity more efficiently than conventional 
power plants. 

Additional information on energy requirements for aluminium production is that 
of the Bureau of International Recycling (Grimes et al., 2008), who state a 47 GJ for 
the Hall-Heroult process, a figure which drops to 2.4 GJ in secondary production. 
Likewise, the carbon footprint for primary production is 3.8 t CO and only 0.29 
t CO, for secondary. Finally, Barkas (2009) reports that the energy required to 
concentrate one tonne of ore in the mine through the Bayer process is 23 GJ/t of 
aluminium, with an additional 7.5 GJ/t used in the transportation. The smelting 
process consumes around 69 GJ/t. 

The main environmental issues of primary aluminium production are perflu- 
orocarbons (PFCs) and hydrogen fluoride waste in the form of gases, as well as 
aluminium and sodium fluorides and unspent cryolite, as particulate material. All 
are very toxic. The GWP of PFCs also present a problem as they are 6,500 to 
9,200 times greater than that of carbon dioxide*. Emissions, however, have reduced 
sharply over the last decade with new plants producing as low as 0.5 kg of fluorides 
per tonne of aluminium. The Soderberg process, meanwhile, produces significant 
emissions of polycyclic aromatic hydrocarbons whilst baking the pitch which will 
go on to form the electrodes. 

Indirect C'O2 emissions are also very important. Indeed electricity stemming 
from either coal or natural gas, combined with the anode production and electrolysis 
emits significant amounts of carbon dioxide, carbon monoxide, sulphur, and nitrous 
oxides. The same emission scheme applies for the calcining process of alumina 


(IPPC, 2009; Kawatra, 2011). 


4See U.S. Environmental Protection Agency. Voluntary Aluminum Industrial Partnership 
(VAIP): Preventing, Responding to, and Mitigating the Impact of Anode Effects to Reduce 
PFC Emissions http : //www.aluminum.org/AM/CM/ContentDisplay.cfm?ContentFileI D = 
59256&F'usePreview = Yes. Accessed Nov. 2011. 


Metallurgy of Key Minerals 187 


8.4 Copper 


8.4.1 Process 


Although copper ores can occur in many different oxide forms, the most common one 
used in metal production is chalcopyrite CuF'eS2 whose current mine concentration 
is in the order 0.5-1%, whereby an ore concentration is first needed before it can be 
processed further. After grinding, the ore is enriched by a floatation process in water 
which uses pine oils and compressed air to separate it into fractions. A foam filled 
with air bubbles traps the ore while the remaining substances sink. The foam is then 
filtered producing a 15-45% Cu rich concentrate, water, and various minor quantities 
of elements such as As, Sb, Bi,Cd, Pb, Se, Mg, Al, Co, Sn, Ni, Te, Ag, Au, Pd and 
Pt (BCS, 2002a). 

Primary copper production, of which 10% comes from the hydrometallurgical 
route with the rest produced through the pyrometallurgical one described next, 
entails not only roasting but also smelting, converting, refining and electro-refining®. 

The roasting process, separated or integrated within the smelting process, heats 
the concentrate and partially oxides the chalcopyrite into simpler sulphides and 
reduces the previously listed impurities. The most common smelting process is 
completed in the oxygen flash furnace (Mullinger and Jenkins, 2008). This furnace, 
which operates with natural gas and air at 1000-1100°C, combines roasting with 
smelting and converts the chalcopyrite into copper sulphide and ferrous oxide. The 
raw materials are concentrated chalcopyrite and two fluxes: limestone and sand. 
The excess oxygen in air reacts selectively with the iron to produce iron oxide whilst 
also liberating copper (II) sulphide. Later the excess sulphur reduces Cu (II) to 
Cu (I) sulphide which melts. The silicon dioxide in sand reacts with the limestone 
and the iron oxide to produce a slag which is predominately constituted by calcium 
and ferrous silicates. This slag floats in the molten copper sulphide, referred to as 
copper matte and both can be tapped off separately at the bottom of the furnace. 
If the air is oxygen enriched, the process used is flash smelting, otherwise it is bath 
smelting. The former is almost an autothermal process producing a higher SO 
concentration in the off-gases, something that facilitates their recovery for sulphuric 
acid production. 

Copper oxide can also be recovered in the process - from the slag leaving the 
flash furnace via a slag cleaning furnace capable of exploiting the simple conver- 
sion of copper oxide into copper sulphide. Once this happens, the copper matte 
can be treated in a continuous converter furnace with oxygen-rich air which is 
blown through a granulated matte blended with the flux. The copper sulphide and 
the remaining iron sulphide are then oxidised into copper, iron oxide and SO, in 
a very exothermic reaction. The slag and the 98-99% pure “blister copper”, are 
then tapped. The blister copper and subsequently the volatile metallic impurities 


5A detailed description of all these processes can be seen in IPPC (2009) which follows the report 
“Plant information of copper industry” from H. Traulsen for Eurometaux (1998). 
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contained within it, such as lead and zinc need to be captured in a connected abate- 
ment plant. 

The final step in the process is the production of pure copper by electro-refining. 
In a solution of sulphuric acid and copper sulphate, blister copper is oxidised at 
the anode into copper (II) whilst at the cathode C'u (II) is reduced to yield pure 
copper. Among the impurities liberated around the anode, in the form of slime, 
are Ag, Se, Te, As, Sb, and even Au, Pt and Pd. Metals like Ni and Pb become 
dissolved in the electrolyte (IPPC, 2009; Moskalyk and Alfantazi, 2003; Lossin, 
2000). 

Contrary to the aluminium or iron ores, chalcopyrite is a sulphide and has more 
chemical exergy than its corresponding copper oxide. This advantage is not fully 
exploited but at least partially used for the obtaining of copper since some processes 
become autothermal or do not require very large amounts of heating or electricity. 
The mass balance is however significant since 1.5 tonnes of slag and 2 tonnes of 
sulphur dioxide are produced for every one of copper. 

Secondary copper is also produced by pyrometallurgical processes. Here the 
process must take into account the constituents of the recycled copper: the accom- 
panying metals or organic materials such as plastic coatings and oils. Therefore 
specific pretreatments are needed as a function of the feed material whilst special 
abatement equipment is needed to destroy the volatile organic compounds (VOCs), 
and minimise the dioxines and furnace emissions, PCDD/F (Polychlorinated diben- 
zodioxins and furans). 

Secondary smelting of copper uses coke to maintain reducing conditions since 
the raw material is either metallic or oxidised. The furnaces volatilise the zinc, tin 
or lead of the copper alloy scrap. Such metals are collected in the filter dust and the 
off-gases containing SO2 and C'O2 are wet scrubbed for producing sulphuric acid. 
The process of obtaining secondary copper runs parallel to that of the primary one. 

The other route, the hydrometallurgical, although only making up 10% of pri- 
mary production, is worth mentioning. It consists of heap leaching the ground ore 
in sulphuric acid. The pregnant liquor is then treated and concentrated by sol- 
vent extraction. Afterwards, the copper is removed by a technique similar to that 
found in electrolytic refining, using inert anodes made of lead or titanium. The 
latter is called electro-winning (Kawatra, 2011). Fig. 8.4 is a schematic showing the 
processes involved in copper production. 


8.4.2 Energy and environmental issues 


The main environmental issue of primary copper production is the sulphur dioxide 
emissions arising from roasting and smelting. Sulphur dioxide production is around 
2 t SO2/t Cu. These emissions not only produce acid rain but also contain arsenic, 


lead and cadmium®. 


6It is worth noting that modern plants achieve a 98.9% SO2 capture rate that it is mainly 
converted into sulphuric acid. The smelter gases are then washed in a sulphuric acid plant that 
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Fig. 8.4 Copper production processes (IPPC, 2009) 


Secondary copper smelting adds VOCs and PCDD/F emissions to those men- 
tioned above. Diffuse and uncaptured emissions are also a problem. These come 
from limestone calcination, the use of coke as a reducing agent, the combustion of 
coke or natural gas for heating purposes and the eventual use of fossil fuels for the 
electricity production required in electro-refining, electro-winning, oxygen blasting 
and separation, etc (IPPC, 2009; Kennecott Utah Copper, 2004; Classen et al., 
2007; Coursol and Diaz, 2010). 


capture, for example, the arsenite ions which become further precipitated with lime or Fe(II1) 
ions. 
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As for energy requirements, Norgate et al. (2007) obtain a life cycle gross energy 
requirement for smelting/converting and electro-refining of 33 GJ/t, whereas for 
heap leaching and solvent extraction/electro-winning 64 GJ/t of primary copper. 
These authors also obtain a global warming potential for copper smelting and hy- 
drometallurgical copper of 3.3 and 6.2 tCO2/t Cu respectively. This constitutes an 
intermediate case between aluminium and iron primary production. 

Chapman and Roberts (1983), meanwhile, reported that 66.7 GJ/t was needed 
for the concentration of chalcopyrite from the ground through a flotation process 
while the energy consumption in the electrolytic refining process to obtain pure 
copper was 47 GJ/t. Kennecott Utah Copper (2004) reports an energy breakdown 
of copper production as follows: 18% for mining, 42% for concentrating, 27% for 
smelting, 7% for refining and 3% for tailings impoundment. 

According to the Bureau of Internanational Recycling (Grimes et al., 2008) the 
energy consumption for the production of one tonne of copper is 16.9 GJ and 25.5 
GJ for pyrometallurgical primary production (from ore concentrate to cathode cop- 
per metal) and hydrometallurgical primary production (from oxide ores to cathode 
copper metal) respectively. The value for secondary production from scrap stands 
at only 6.3 GJ. Carbon footprints for primary production are 1.25 t CO (pyromet- 
allurgical) and 1.57 t CO. (hydrometallurgical) respectively, whereas secondary 
production C'O, emissions are much lower at only 0.44 t. The Ecoinvent database, 
meanwhile reports a total primary energy consumption of 12.3 GJ/t plus around 
21.4 GJ/t assuming a 33% rate of efficiency in the production of electricity from 
primary energy sources (Classen et al., 2007) . 

In Table 8.3, additional sources for energy requirements and environmental emis- 
sions are listed. 


8.5 Copper related metals: Selenium and Tellurium 


Selenium is a byproduct of copper smelting. Specifically, it is found concentrated 
in the anode slimes of copper electrolytic refining. These slimes may contain about 
10% Se and 5% Te. They are also likely to contain precious metals which are the 
first to be recovered. With regards to selenium and tellurium they are recovered by 
roasting slime pellets with soda ash at 550-650°C. This process oxidises the metals 
to their hexavalent state. The resulting product is then leached in water. Sodium 
selenate dissolves but sodium tellurate (which is insoluble in alkaline solution) can 
be filtered out. The dissolved sodium selenate is then reduced with charcoal to 
form sodium selenide, which is then leached further with water and oxidised with 
an air flow blown to produce selenium slurry. The resultant precipitate is melted 
and passed through a sieve, allowing selenium metal particles to drop into water 
(Ally et al., 2011). 

The reason for obtaining tellurium metal or its oxide is, as in the case of sele- 
nium, to produce a sodium telluride solution. Tellurium can be recovered from the 
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electrolytic copper slimes by cementation with copper as occurs in the Outokumpu 
process. Copper telluride is formed and then leached with caustic soda and air to 
produce the sodium telluride solution. A controlled oxidative process follows which 
can produce either commercial grade tellurium metal or its oxide TeO2 (Hoffmann 
and Reimers, 2000; Langner, 2000; Fthenakis et al., 2007). 


8.6 Tin 


8.6.1 Process 


About 80% of the world’s tin resources are found in alluvial deposits containing 
around 0.2 kg/m* (0.01% Sn). The principal ore is cassiterite (SnO2), which can 
be found mixed with other minerals such as stannites (Cu2S, F'eS, SnS2). These 
deposits have grades varying between 1% and 0.1%, with the percentage required 
for commercial exploitation currently standing at 0.35%. 

Whilst tin rich ores containing large amounts of iron, sulphur, bismuth and 
tungsten require no pretreatment, the key problem in obtaining tin in the poorer 
quality deposits is the need to prepare a high tin concentration (35 to 70% Sn). 
The vein ores must be crushed and ground before undergoing a hydro-selection or a 
flotation process in order to remove much of the gangue. Magnetic separation can 
then remove the accompanying wolframite. 

Once it is concentrated, the extraction of tin from its ores is undertaken via 
a fusion reduction, in which the metal is melted in a reverberatory furnace and 
then separated from a viscous slag containing little in the way of tin content. The 
melting reverberatory furnace comprises three distinct stages: primary melting of 
tin concentrates with suitable addition of fluxes and fuel, a recovery process of tin 
from the slag and a final elimination of metal impurities by the way of a reduction 
process and tin fusion. An electric furnace treatment follows in a two-step process. 
In the former step, cassiterite melts alongside a tin-iron alloy obtained in the second 
stage fusion. This fusion produces a relatively pure tin, plus a tin-rich slag. This 
granulated slag is melted with coal and limestone flux to produce yet more tin (an 
iron alloy that is recirculated and a runoff containing relatively little tin). The final 
refining of tin may include liquefaction and boiling, or can be done via electrolytic 
refining (Botero, 2000). 


8.6.2 Energy and environmental issues 


According to the Bureau of International Recycling (Grimes et al., 2008), the energy 
requirement for the complete life cycle of tin production is 200 GJ/t (including 
mining and metallurgical processes). They also report that the energy require- 
ment for the primary production of one tonne of tin is 18.2 GJ (smelting process 
only), whereas for its secondary production this figure drops to only 0.2 GJ/t Sn. 
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Moreover, its carbon footprint for primary and secondary production is 2.18 t CO2/t 
Sn and 0.03 CO2/t Sn, respectively. In the Ecoinvent compilation (Classen et al., 
2007), obtained from Richter et al. (1996), the energy consumption for the benefi- 
ciation stage is 12.6 GJ/t plus an additional 15.2 GJ/t of metal produced. In the 
refining process, the energy reported is 6.4 GJ/t plus 11.4 GJ/t of tin produced. 

Table 8.3 shows additional energy data such as that compiled by Chapman and 
Roberts (1983) for alluvial and vein ores. 


8.7 Nickel and Cobalt 


Two ore minerals may be used to obtain primary nickel: sulphide and lateritic 
(limonite and saprolite) ores. Sulphide deposits, often found with copper ores and 
associated with volcanic rock, are mined underground. Lateritic nickel ores are a 
mix of oxides and silicates that have been exposed to weathering in tropical climates. 
They are found in superficial deposits. Such deposits are cheaper to mine and allow 
for on-site hydrometallurgical technologies with valuable cobalt co-production. 

Around 60% of the world’s nickel is produced from sulphide ores with the rest 
originating from lateritic ores. And whilst conventional pyro-metallurgical process 
like that of copper sulphide can be done with nickel sulphides, consisting of roasting, 
electric smelting, converting and electrolytic refining, half of the world nickel sul- 
phidic ores are smelted using an Outotec flash furnace. This is because the Outotec 
renders converters obsolescent and in doing so saves energy(Makinen and Taskinen, 
2006; Outotec, 2011). 


8.7.1 Nickel sulphides process 


Prior to smelting, the iron sulphide content of ore is decreased via a floatation 
pretreatment which concentrates the ore 20-fold, obtaining a feed material of 7-25% 
Ni which is then dried until the moisture content is less than 1%. The flash smelting 
process itself occurs when electricity and oxygen are combined quickly to reach the 
very high temperatures needed (nickel melts at 1453°C). This highly exothermic 
process oxidises the iron and sulphur in an oxygen-rich atmosphere. The liberated 
heat then produces the nickel matte and a fluid slag. As the furnace matte contains 
some iron and sulphur, additional air or oxygen is injected in the molten bath 
to increase its nickel concentration. This high grade matte (35-70% Ni,Co and 
Cu) is tapped off at the bottom of the furnace and directed to water-granulation. 
Furthermore, the slag layer, which is composed of different oxides, is channelled 
out to an electric furnace and reduced with coke and a sulphurising agent, an 
operation which separates the slag from its metal content. This additional matte 
is subsequently tapped-off and then granulated for a further hydrometallurgical 
treatment in atmospheric leaching. The heat of the process gases, rich in SOzg, is 
recovered in a waste heat boiler and any particles are then removed by electrostatic 
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precipitators. These gases are oxidised to produce sulphuric acid for the leaching 
process. 

Once granulated and ground, the matte coming from either the flash furnace 
or from the electric furnace undergoes atmospheric leaching stage. The leaching 
solvent recovers the sulphate anolyte of the nickel electro-winning process. The 
sulphide matte is then leached in vessels’ where air or oxygen is bubbled to oxidise 
the sulphide iron which precipitates. Subsequently, copper is precipitated as copper 
sulphide in a pressure leaching stage. Any cobalt is then removed by a solvent ex- 
traction process. High pressure acid leaching is generically named HPAL technology. 
After these steps, nickel is finally obtained in an electro-winning process whereby 
the nickel matte is cast into anodes containing a nickel sulphate electrolyte that 
circulates through the cathode in which nickel (II) is reduced to yield pure nickel. 
The sulphuric acid produced is neutralised with ammonia to produce ammonium 
sulphate as a byproduct. The slime in the anode also contains precious metals that 
are further recovered. 

An alternative route, known as the Sherritt ammonia leaching process (IPPC, 
2009), consists of leaching, in an ammoniacal ammonium sulphate solution, the 
matte in pressure autoclaves with air as an oxidant. Here the copper sulphide 
precipitates and nickel powder is then obtained by reduction with hydrogen. Cobalt 
can be obtained in the same way. 

There are various options for the matte refining process. Regardless of the 
method, the idea centres round the optimal recovery of not only nickel but also the 
co-existing cobalt and precious metals. Therefore a multistage refining process is 
needed, using different leaching, reduction, solvent extraction, hydrogen reduction 
and electro-winning techniques. One of the most conventional methods involves 
roasting nickel matte in a fluid bed with lime to agglomerate particles and liberate 
the metal from roasted sulphides. Following this, the matte is subjected to high 
pressure chloride leaching, including a final hydrogen reduction as described next. 

The chloride leach of matte, known as the Falconbridge process (IPPC, 2009), 
utilises chlorine gas as an oxidant at high pressure and temperature (850-950°C). 
Step by step copper is precipitated as a sulphide, iron and arsenic as hydroxides and 
arsenates. Thereafter lead and manganese are removed and cobalt is extracted using 
an organic solvent that acts as a reversible and selective chelating agent. Copper, 
cobalt and nickel are electro-won separately. The obtained electrolyte is a chloride 
instead of a sulphate and is used to produce the chlorine gas for the leaching process. 

The solvent extraction explained above (Eramet process), is a clean route since 
it produces precipitated sulphur (which is roasted to produce sulphuric acid) whilst 
dissolving ferric, cobalt and nickel chlorides. After oxidation and selective solvent 
extraction, all become separated. Typical extractants are tri-butyl phosphate and 
tri-iso octyl amine. The process needs to take care of some heavy metal impurities 
such as Al, Cr, Mn and Pb and is the chemical basis of the Eramet process. 


7The temperature of the autoclaves is commonly 230-280°C and its pressure 45-55 bar. 
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Nickel carbonyl also provides an alternative option for the refining process. It 
is gas formed by the reaction of carbon monoxide with nickel at low temperature 
and pressure and nickel is selectively separated from its solid impurities. Nickel 
carbonyl itself decomposes via a simple heating process and one of its constituents, 
CO can be recycled for yet further production of nickel carbonyl (IPPC, 2009). 

Fig. 8.5 shows diagrammatically the processes associated with the production 
of nickel from sulphide ores. 
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Fig. 8.5 Nickel production from sulphide ores (IPPC, 2009) 


8.7.2 Nickel laterites process 


Limonite laterites are made up of iron oxides (goethite) composed of 47-59% Fe, 
0.8- 1.5% Ni and a valuable trace Co content. Saprolite laterites, form beneath the 
limonite zone and are of the silicate type. They typically contain 1.5-2.5% nickel. 
The high content of iron and magnesium oxides or silica in both laterites make the 
upgrading concentration process difficult, as does their high moisture content that 
must be dried off (Dalvi et al., 2004; Schellmann, 1983; Golightly, 1981). Therefore, 
a rotary kiln furnace is used to preheat, dry and calcine the high magnesium content 
of the ore. Then the process continues, as in the case of sulphide ores,with smelting 
electric furnace, converter, ferric chloride leaching and electro-winning treatments. 

Due to the high iron content in the matte, a converter is commonly used to pro- 
duce ferronickel. High temperature ammoniacal leaching with hydrogen reduction 
(the Caron process) and high pressure sulphuric acid leaching (HPAL) are two al- 
ternative routes as already described above. HPAL plants are very versatile, though 
more complex and expensive. They necessitate intensive amounts of energy to heat 
the ore and produce the acid. Moreover, the maintenance of equipment given its 
contact with hot acid and their environmental impact (they produce salts of heavy 
metals as byproduct) are also important issues. 
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Saprolite ores are smelted with sulphur in order to reduce the oxide to nickel 
sulphide matte and the iron oxide is removed in the slag. Then the process continues 
as in the case of sulphide ores by using either precipitation or solvent extraction 
methods and finally electro-winning or hydrogen reduction. 

Open heap leaching can offer a feasible alternative to rock laterites treatment. 
The process consists of percolating sulphuric acid into crushed ore located in na- 
tural heaps on an impervious liner. Such ore must have a low content of clay to 
maintain permeability. First, acid is sprayed onto the heaps and left in-situ for sev- 
eral months until the pregnant solution reaches a 60-70% nickel-cobalt-zinc-copper 
content. Once this occurs, the solution is neutralised with limestone to produce the 
hydroxide which can be conventionally smelted. The problem with this process is 
that the acid consumption can be as high as 1000 kg per tonne of ore treated. As 
ore grades decline, this fact limits its commercial possibilities. The plant and mine 
infrastructure are however cheaper than the HPAL process. In fact, except for one 
in Finland, for the treatment of sulphides (Kuck, 2003), there are no commercial 
plants in operation for nickel heap leaching. 

Fig. 8.6 shows in a diagram the processes associated with the production of 
nickel from laterite ores. 
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Fig. 8.6 Nickel production from laterite ores (IPPC, 2009) 


8.7.3 Energy and environmental issues 


According to the IPPC (2009), the principal emissions to air of nickel and cobalt 
smelting are carbon and sulphur dioxides, NO, and other acidic gases, metals and 
their compounds including As, chlorine, VOCs, CO, carbonyls, dust and odours. 
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In modern plants most of the sulphur dioxide produced gases are collected and 
converted into sulphuric acid. The sulphuric acid produced can absorb a large part 
of the NO,°® but its quality may be affected. Chlorine is also formed during the 
electrolysis of chloride solutions. It is collected and returned to the leaching stage. 
VOCs are emitted in the solvent extraction stages. They can be removed using 
condensers, by cooling the air flowing in the ventilation system thereby recovering 
the solvent. Dust and heavy metals are typical emission problems stemming from 
the overall smelting process and can be easily solved using fabric filters and scrub- 
bers, returning the off-gases to the leaching process. Such techniques can still leave 
significant diffuse emissions to enter the atmosphere, should there be a deficiency 
in the sealing of installations. Carbon monoxide, for its part, is used in the nickel 
carbonyl refining route where hydrogen is used as a reducing agent. These gases are 
explosive and/or very toxic and therefore their recovery and gas exhaust systems 
need to be robust and very well sealed. 

Emissions to water are the cations such as Cu, Ni,Co and Cr. Additionally, 
anions such as the fluorides, chlorides, arsenides and sulphates originating in the 
hydrometallurgical processes, matte granulation and wastewater from wet scrubbers 
and wet electrostatic precipitators are common. The treatment of liquid effluents 
generates gypsum and metal hydroxides. Depending on their monetary value, they 
can be returned to the metallurgical process. If not recycled, the disposal of these 
residues is done so in lined storage ponds, which hold the possibility of percolating 
into groundwaters. Other important residues are the solids, typically slags from 
smelting processes. This slag can be as much as 4 to 10 times the weight of the 
metal produced. 

Marcuson et al. (2009) consider that environmental constraints in the Ni in- 
dustry will intensify in the coming decades: future technology must not only solve 
metallurgical problems but do so at substantively lower environmental costs (a pat- 
tern which has generally not prevailed in the past). 

Hence, the overall environmental impact of nickel and cobalt smelting is con- 
siderable and although current technology may reduce it, there remains a worrying 
historical legacy. For example, the cumulative impacts of the smelting and refin- 
ing processes of the 1960s over a wide area surrounding Sudbury, Canada, led to 
heavy metal soil contamination, acid rain linked to SO2 emissions (1.5 to 2.7 Mt 
SOz2/year), acidified wetlands, important declines in biodiversity (especially fish), 
vegetation dieback and heavy soil erosion (Mudd, 2010a). A similar situation in 
Russia at Noril’sk has meant that soil pollution is so severe that it has become 
economically feasible to extract Pt and Pd from its contents. 

As for energy consumption, according to IPPC (2009), the energy used for the 
production of matte from sulphidic concentrates is reported to be in the range 25 
to 65 GJ per tonne of nickel for ores that contain between 4 to 15% Ni. The energy 


8The processes occurring at high temperatures in the presence of air are prone to form nitrogen 
oxides. 
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used in the various refining stages is reported to be 17 to 20 GJ per tonne of nickel. 
In acomparison study of the annual sustainability reporting of Ni companies, Mudd 
(2010a) suggests that the sulphide energy consumption is at about 100 GJ/t Ni, 
with the unit energy costs of laterite projects meanwhile varying in the range of 
252-572 GJ/t Ni. Similarly, he gives, for all sulphide projects, a GHG release of 
less than 10 t CO, —e/t, and for laterite projects specifically a range from 25 to 46 
t CO2 —e/t metal. This wide variation reflects the different electricity sources that 
happen to be available for a given operation and site combined with the lowering ore 
grade tendency for laterites. In fact according to Norgate et al. (2007) a decrease 
of 2.4% to only 0.3% Ni in ore grade almost trebles energy consumption from 130 
MJ/kg to 370 MJ/kg and the carbon footprint more than four-fold from about 18 
kg COg — e/kg Ni to 85 kg COg — e/kg Ni. 

Norgate et al. (2007) thus obtain a life cycle gross energy requirement for the 
flash furnace smelting and Sherritt-Gordon refining of 114 GJ/t, whereas for pres- 
sure leaching and solvent extraction/electro-winning, 194 GJ/t for primary nickel. 
They also report a GWP, for nickel smelting and hydrometallurgical nickel of 11.4 
and 16.1 t CO2 — e/t Ni, respectively. 

However Barkas (2009) gives an average global mix value for Ni of 271GJ/t 
and 26.6 tCO2-e/t from which 244 comes from the smelting process. Barkas (2009) 
also gives a range of energy consumption that is between 150 and 750 GJ/t Ni. 
Therefore the energy consumption for producing nickel from sulphide origin is close 
to that of aluminium and doubles or triples that for laterite Ni. 

Table 8.3 shows a compilation from different sources of energy requirements and 
emissions associated with the primary and secondary production of nickel. 


8.8 Lead, Zinc, Cadmium and related ore metals 


Galena, PbS and sphalerite, ZnS are the main lead and zinc ores and are fre- 
quently found together. Galena may also contain other sulphides including copper, 
silver, gold, bismuth and antimony as well as important amounts of limestone and 
dolomite. Argentiferous galena, for instance, is exploited for silver extraction. Spha- 
lerite, meanwhile, is frequently associated with lead, copper and silver sulphides, 
whilst its black form is potentially exploitable as an iron ore. Other important 
byproducts of zinc and lead are cadmium, indium and germanium. 

Zinc ores are usually beneficiated at the mine via crushing, grinding and flotation 
operations to get a concentrate of 50-60% zinc. Lead ores, apart from concentration, 
also require rock and mineral impurities to be removed and therefore sintering is 
also undertaken (BCS, 2002b). 

In the next subsections, the production, environmental issues and energy con- 
sumption of each metal are described. 
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8.8.1 Lead process 


Lead is produced and refined by pyro-metallurgical processes, either by sintering / 
smelting or by direct smelting. The sintering/smelting of galena requires first a 
process, in which a mixture of lead concentrate with fluxes, recycled sinter and other 
recycled materials are converted with natural gas burners into a porous material 
adequately sized for the blast furnace, which roasts the metal sulphides into oxides 
and sulphur dioxide and sinters the material into large lumps for the smelting process 
(IPPC, 2009). 

The smelting process reduces metallic oxides to their metal in a vertical shaft 
blast furnace similar to the one used for producing pig iron (see Sec. 8.2.1). Layers of 
sintered ore coke and fluxes are fed into the top whilst air is blown from the bottom, 
an action that leads to a partial combustion of coke which in turn produces carbon 
monoxide and heat, reducing the lead oxide and melting any metal which flows to 
the bottom of the furnace. The product generated is named hot lead bullion and 
contains other dissolved elements like gold, silver, copper, tin, antimony, arsenic 
and sulphur that need to be recovered stepwise (Kawatra, 2011). 

Direct smelting is the most common technique in lead production. It smelts to- 
gether primary and recycled lead coming from batteries and consists of a cylindrical 
bath furnace where a steel lance is submerged into a bath injected with air/oxygen 
rich air. The excess air oxidises the sulphides into sulphur dioxide, which is later 
collected to produce sulphuric acid. Coke or natural gas reacts with air and in doing 
so supplies the heat needed to melt the charge. This charge is composed of primary 
lead concentrates, secondary lead and fluxing agents. The molten bullion is tapped 
off at the bottom and the slag is left to float in the bath where it prevents tem- 
perature loss’. The produced slag, rich in lead, is subsequently recovered. During 
this process, some zinc and cadmium oxides escape in the off-gases and need to be 
further recovered in an abatement plant. 

The pyrometallurgical refining of the lead bullion consists of de-copperising, soft- 
ening, de-silverising, de-zincing, bismuth removal and final refining (BCS, 2002b). 
Each step is undertaken in a series of heated kettles. To take the first, de-copperising 
is achieved by the cooling of lead bullion in a stirred kettle heated to below 550°C, 
where the dissolved metals begin to precipitate as solid dross. The copper content 
is first removed as a sulphide.The dross is then further processed for metal recovery. 
The next step is lead softening which involves the removal of antimony, arsenic and 
tin. In this process the bullion is dissolved with a mixture of sodium hydroxide and 
sodium nitrate and the dross is skimmed off. Zinc is then added to the hot lead, 
given that it preferentially dissolves gold and silver. At this point the temperature 
drops to 325°C and a zinc crust forms which contains Au and Ag. Zinc is then 
separated from silver by vacuum distillation. Bismuth is removed in a similar way 
but with a mixture of calcium and magnesium added instead of zinc. In this case 
the dross may be oxidised with chlorine gas. The final refining stage consists of 


°This process is the same as that for producing blister copper from copper matte (see Sec. 8.4). 
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stripping the remaining impurities by adding caustic soda and other reagents be- 
fore cooling the lead so that the dross once again rises to the surface where it is 
removed (IPPC, 2009; BCS, 2002b). 

A general scheme of the production process of lead is shown in Fig. 8.7. 


Lead bullion 


Reverb: b> 
Dross on _ alas Baghouse 
(for recycling) 1st and 2nd (By-product 


dross kettle treatment) 


Copper rich matte and 
speiss (to copper smelter) 


Sulphur 


Copper dross 


Fumes to NaOH 
baghouse 


Air Hard lead Refining Antimonial 
Arsenical / furnace kettle (hard) lead 
antimonial skims 
Softened 
lead Slag (return to charge preparation) Dross Air 
_, 

Beollyering roe | y 

f Lead oxide 
Zinc 


Zinc (to desilvering) 


Lead 
Desilvering| shy 
2 Skims 


dezincing 


Residual 
zinc 


b Bismuth dross 
Calcium, for Bismuth recovery 
magnesium 
Refining b Caustic dross with Zn, Sb, As compounds 
NaOH kettle (return to charge preparation) 


Refined lead 


Fig. 8.7 Lead refining processes (IPPC, 2009) 


8.8.2 Zinc process 


Zinc is usually processed using the hydrometallurgical route of roasting, leaching 
and electro-winning (Fig. 8.8). This process also allows for the recovery of valuable 
elements such as Cd, Ge, Pb, Ag, In,Ga,Cu and sulphur. The roasting process of 
zinc sulphide ore is undertaken in a fluidised bed roaster where the sulphides are 
converted into S(O 2 and metal oxides in an exothermal reaction. The heat is recov- 
ered and the zinc oxide, referred to as calcine, is collected in cyclones and cooled. 
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The dust produced is removed in electrostatic precipitators and added to the cal- 
cine. Sulphur gas is then converted into sulphuric acid. Other volatile metals such 
as Hg and Se are removed in an additional scrubbing system. The calcine is firstly 
leached with diluted sulphuric acid (neutral leaching) which dissolves the zinc, lead, 
cadmium, copper and cobalt as sulphates. This sulphuric solution comes from the 
electrolysis stage of metallic zinc production. The accompanying ferrite-zinc oxides 
and zinc silicates need a more concentrated acid solution. Therefore the process is 
accomplished in successive (hot leaching) stages with gradually more aggressive so- 
lutions. The dissolved iron is then precipitated and removed from the zinc sulphate 
solution in form of goethite, jarosite or haematite. It is usually stored in ponds 
or used to feed a pyro-metallurgical process. The different neutralisation processes 
also recover the remaining zinc (IPPC, 2009; BCS, 2002b). 
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The next step, the purification process, removes impurities from the leach solu- 
tion that could affect the quality of electrolysis. This removal is achieved by adding 
zinc powder to the solution which serves to chemically replace the copper, cadmium, 
arsenic, antimony, germanium, tellurium and thallium - all of which precipitate out 
of the solution as sludge. A similar process is undertaken via arsenic and antimony 
oxide catalysts, in order to replace nickel and cobalt in an operation called cemen- 
tation. Once all of impurities have precipitated out, the solution is ready for the 
final step of electro-winning, whereby the cell house employs lead anodes, where 
the oxygen is formed and aluminium cathodes, where the zinc metal deposits. Any 
spent electrolyte is recycled back to the leaching stage. An electrical induction fur- 
nace melts and casts the zinc cathodes into ingots. The electrolysis phase is the 
greater energy consumer of zinc smelting. 


8.8.3 Energy and environmental issues of lead and zinc production 


The lead and zinc industry cause substantial environmental impacts to air and wa- 
ter via the production of hazardous wastes. Acid rain, poisonous heavy metals and 
greenhouse gases are of the greatest concern. Emissions to air typically include sul- 
phur dioxide and acid mists, nitrogen oxides, zinc sulphate, metals, VOCs, dioxins, 
furans and dusts. They can be formed either as controlled emissions from known 
sources or escape diffusely, meaning that they can appear from almost anywhere on 
site. 

There are many emission sources to be controlled and treated: from the roast- 
ing, the sulphuric acid plant, smelting and refining operations, electrolysis, casting 
or transport and handling. The oxidation stages of sulphides produce sulphur dio- 
xide. Sulphur dioxide emissions can reach up 3,000 g per tonne of metal produced 
albeit that there are plants that emit less than 1,200 g/t metal. Furthermore, even 
though sulphur dioxide is oxidised and converted into sulphuric acid, typical SO2 
concentrations in the off-gas range from anything between 200 to 2,300 mg/Nm?. 
Diffuse emissions can of course be avoided through the correct sealing of furnaces 
and extraction systems. 

Roasting, smelting and furnaces with oxygen stages provide sources of NO, with 
the range for the complete process between 20 to 400 mg NO,/Nm? off-gases. Gas 
cleaning processes and the sulphuric acid plant avoid larger emissions. Other gases 
of concern are the highly toxic stibine and arsine (which is also pyrophoric). The 
former is produced in the wet treatment of residues derived from the recovery of 
lead batteries whilst the latter is emitted in the zinc purification process together 
with cadmium in the cadmium plants, especially in the distillation stages. 

Roasting, smelting processes and slag treatment can also emit direct and dif- 
fuse emissions of various dusts and metals. Here the dust removal is critical since 
Zn, Cd, Pb, Hg, Se, Cu, Ni, As, Sb, Co and Cr can be eventually recovered thereby 
avoiding ecosystems damage. Dusts can also be produced in the melting, alloying 
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and casting of zinc. The reported range of dust emissions derived from such pro- 
cesses varies from between 200 and 900 mg/Nm? in the raw gas. Such figures fall 
greatly after fume collection and gas cleaning and can be as low as 10 mg/Nm?. 

Wastewaters meanwhile come principally from the smelter gas cleaning system, 
fluidised bed roasting stage, effluents from Zn electrolysis and the washing stages 
of the Pb battery breaking. Modern wet gas cleaning systems operate with acidic 
recycling and remove chlorines, fluorides and most of the mercury and selenium. 

Finally, iron oxides of which jarosite and goethite are two, constitute the greatest 
volume of solid waste. Both are hazardous because they contain leachable elements 
such as Cd, Pb and As. They subsequently need to be treated or disposed of in 
lined ponds or isolated areas. Typically, the production of jarosite and goethite is 
between 0.35 to 0.80 t/t Zn and 0.3 to 0.35 t/t Zn, respectively. 

The degree of emissions (solid, liquid or gas) released depends on the age of 
the plant and the technology used. In the case of solids, any with a reasonable 
concentration of metal(s) is returned to the smelter or placed back into the leach 
circuit for recovery. If there are any with an important proportion of a given metal, 
then it is recovered and sold (IPPC, 2009). 

In regards to energy consumption, Norgate et al. (2007) obtained a life cy- 
cle gross energy requirement for flash furnace smelting production of 20 GJ/t Pb, 
whereas for roasting, leaching and electrolytic of primary Zn production a figure 
of 48 GJ/t. Their figure for the GWP of lead was 2.1 tCO 2 — e/t Pb whilst for 
zinc, 4.6 tCO2 — e/t Zn. Barkas (2009) gives slightly different figures for lead and 
zinc, with an energy consumption of 14 GJ/t Pb and 25 GJ/t Zn, respectively. The 
GWP measured was 1.4 tCO2 — e/t Pb and 2.3 tCO2 — e/t Zn (Fthenakis et al., 
2007). 

In the Ecoinvent database (Classen et al., 2007) energy consumption values at 
the beneficiating stage of zinc-lead ores are calculated. Given that the percentage is 
proportioned at 37.4% Pb and 62.6% Zn, the energy associated with lead is around 
0.89 GJ/t whilst zinc’s is 1.49 GJ/t. For the refining stage, the energy consumption 
should approximate at 40.4 GJ/t of Zn and 3.28 GJ/t of lead (IPPC, 2002). 

Furthermore, according to the Bureau of International Recycling (Grimes et al., 
2008), the energy requirement for the production of 1 tonne of primary lead (from 
ore concentrate) is 10 GJ, whereas for the same quantity of secondary (from lead 
scrap) this figure drops to only 0.13 GJ. The carbon footprint for primary production 
is 1.63 t CO and again this is lower for secondary at 0.015 t CO2. Correspondingly, 
the energy requirement for the production of 1 tonne of primary zinc is 24 GJ, 
whereas for its secondary production this figure drops by a quarter to only 18 GJ. 
For secondary vaporisation of zinc, the energy needed is much reduced at 4.7 GJ. 
Likewise the carbon footprint for primary production is 2.36 t COz2, for secondary 
1.40 t CO2, and for secondary vaporisation 0.56 t COg. 

A summary of the aforementioned figures is provided in Table 8.3. 
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8.8.4 Cadmium 


Cadmium has no specific ore as sufficient quantities are produced as a byprod- 
uct from the smelting of either zinc or lead from their ore, sphalerite (ZnS), in 
which greenockite CdS is a significant impurity constituting as much as 3%. The 
purification process of zinc solutions with zinc powder can selectively produce cad- 
mium cementate by a careful control of temperature, reaction time, pH, surfactants 
and metallic zinc excess. Cadmium can be recovered from this compound via the 
hydrometallurgical route. This consists of leaching cementate in sulphuric acid, 
followed by purification with caustic soda and sodium nitrate to remove the re- 
maining zinc and finally, electro-winning. Cadmium can also be recovered from 
cadmium chloride liquor via an ion exchange process in a trommel with a zinc strip. 
In this case the metallic zinc becomes converted into zinc chloride and cadmium 
is deposited as a metallic sponge. The refining process of cadmium predominately 
consists of removing its residual zinc via high temperature distillation with the sub- 
sequent melting together with caustic soda and sodium nitrate (Gouvea and Morais, 
2007). 

According to Morral et al. (1985), 6.48 GJ/t of metal, which could be considered 
as the energy used in the process of metal refining, is required to obtain a kilogram 
of cadmium from an aqueous solution. On the other hand, if one is to consider 
the process of metal concentrate as a form of sulphuric acid leaching, the energy 
requirement for a transaction of this type is (mean value) 103.5 GJ/t of cadmium, 
should the initial concentration be 0.4%, which equates to the typical zinc ore grade 
(Kihlstedt, 1975). A more recent publication (IPPC, 2002) reports that the content 
of Cd in zinc sludge is around 45%. In turn, 339 kg of sludge is contained within 
1,000 kg of Zn. So, if the energy consumption of the smelting stage is 40.4 GJ/t 
plus 1,250 kWh/t of zinc, this gives an approximate energy consumption of cadmium 
equal to 279 GJ/t. 


8.8.5 Indium, Germanium and other co-products 


Lead and zinc ores contain other metals, not just cadmium, in varying quantities 
that are beginning to receive huge commercial interest - mainly from those in the 
electronics and energy storage sectors. These are indium, gallium, germanium, 
arsenic, tellurium, antimony, bismuth and selenium. As described previously, all 
appear concentrated in the residual slag, dross, flue dusts or precipitates. Their 
recovery is done on a metal by metal basis and can include various combinations 
of leaching, cementation, solvent extraction, chlorination, vacuum distillation and 
electro-winning techniques. In addition, most of the refining processes use fine 
chemistry and many of these techniques are confidential (Ally et al., 2001). 
Indium is obtained from the zinc oxide residue generated in the leaching process 
with dilute sulphuric acid. This residue is first treated with dilute hydrochloric acid 
to remove the lead before leaving a filtrate constituted by As, Sb, Sn and less than 
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0.2% of In. The latter is treated with soda whose precipitate contains most of the 
In. Successive leaching with sodium hydroxide and hydrochloric acid then allows 
for the relative isolation of In in solution. The solution is purified by cementation 
of Cu and As with iron, then Sn with lead and finally In with aluminium (Felix, 
1996). 

Since indium is obtained as a byproduct of the zinc production process, it can 
be assumed that no extra energy is required in the mining and concentration of this 
metal. For the refining from indium sponge, it is estimated that the sulphuric acid 
leaching of the zinc byproduct obtained, would need between 750 and 5,000 GJ/t 
of indium (2,875 GJ/t on average), for an initial concentration of 100 ppm (Botero, 
2000). 

Germanium is extracted in the Zn recovery processes with some additional quan- 
tities coming from the electrolytic refining processes of copper and lead. The con- 
centration process is the same as indium’s. Here the key is producing germanium 
tetrachloride which can be separated from other metal tetrachlorides using fractional 
distillation. Once separated, the germanium tetrachloride is hydrolysed to the dio- 
xide and then conventionally reduced with hydrogen or carbon to the metal element 
(Fthenakis et al., 2007). Kellogg (1977) indicates that the energy requirement for 
germanium production is 2,215 GJ/t of metal. Since germanium is a byproduct of 
zinc production, it is assumed that this quantity of energy corresponds fully to the 
process of refining the metal. 

The impurities removed via the sulphuric leaching of zinc ore also contain gal- 
lium together with aluminum and iron. Essentially the process of obtaining gallium 
consists of treating these impurities with hydrochloric acid to dissolve Ga and Al. 
Gallium is then separated from aluminium by a solvent extraction with ether and 
is subsequently recovered by electrolysis. According to Kellogg (1977) gallium pro- 
duction requires 12,660 GJ/t, which means that it has the third greatest energy 
requirement after industrial diamonds and gold. Since gallium is obtained as a 
byproduct of bauxite mining and given the scarcity of information pertaining to the 
metallurgical processes for obtaining it, it is assumed that its energy requirement 
corresponds entirely to the metal refining process. 


8.9 Precious metals 


Primary silver, gold and platinum group metals (PGMs) can be obtained as byprod- 
ucts from the processing of anode slimes from copper production, leach residues 
and crude metal from zinc and lead production. Silver and gold typically appear 
more frequently than PGMs. Conventional pyro-metallurgical or hydrometallurgi- 
cal routes and solvent extraction stages are used. The exact process details however 
remain commercially confidential. A general flowsheet for precious metal production 
is shown in Fig. 8.9. 


Metallurgy of Key Minerals 205 


Scrap Sweeps Photographic 
metallics, alloys minerals materials 
vy I v v 
Melting Incineration Shredding 
metallics 
slag 
y 
Homogenisation Analysis 
crushing, grinding, 
blending 
> kD Incineration Washing 
hydro- pyro- 
metallurgy metallurgy 
[ 
high Au high Ag high Au high Ag 
low Ag low Au low Ag low Au 
Smeltit me 
: melting 
chlorine * matte (Cu 2S) 
(extraction) : } 
flue dust 
Smelting 
(Miller) 
Cupellation 
Gold 
Dore - Ag, Au, PM 
nitric acid nitric acid 
: 2 } 
Chemical Chemical Electrolysis > Si 
refining treatment Moebius or Balbach Silver 
T T T T 
PGM Ag, Pd Au, PGM Au, PGM 
solutions solution slime slime 
aqua regia 
or HCIICI 2 
7 Electrolysis Wohiwill 
silver Silver chloride Coron Sle Waal 
finn, i or -—> Gold 
refining separation ‘5 F 
Chemical refining} 
T 
Pd solution PGM 
slime 
v 
Gold PGM refining }—-» PGMs 


Fig. 8.9 General flowsheet for precious metal recovery (IPPC, 2009) 


8.9.1 Silver process 


Perhaps surprisingly, silver ores are not the most important source of Ag. The 
present economic limit of the exploitation of such ores must contain at least 0.01% 
Ag (100 ppm) with the most important ones being argentiferous lead and lead-zinc 
ores. Argentiferous copper ores can, additionally, contain variable amounts of Ni 
and Co. Indeed most of the world’s silver is taken from the byproduct of Pb/Zn (31- 
50%), Cu,(25-30%), Ag (10-28%) and Au (10-14%) bearing deposits. After the ore 
beneficiation, a typical feed for smelting may have a composition of Au (0.0007%), 
Ag (0.034%), Pb (0.34%), Zn (4.43%) and Cu (28.3%) (Ecoinvent - Classen et al. 
(2007)). 
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Secondary silver sources typically include scrap jewellery, circuit boards and pho- 
tographic materials whilst the primary metallurgical source appears in anode slimes, 
sludges, ashes, sweeps and other forms of waste residue. The pyro-metallurgical 
route is used to treat such residues which may also contain copper, lead and other 
precious metals (IPPC, 2009). All of these metals are blended and smelted in a 
variety of conventional furnaces in a reducing atmosphere with fluxes to collect the 
non-metallic components such as slag. The molten lead or copper also contains dis- 
solved precious metals, which is subsequently oxidised in a cupellation furnace that 
oxides lead to litharge (PbO) and/or copper to Cug2O, liberating the doré (silver 
and gold), gold and PGMs for subsequent refining since precious metals do not rust. 
In the hydrometallurgical production of zinc, the enriched Pb/Ag leach residue is 
further processed in a lead smelter, in a process which has already been described 
in Sec. 8.8.1. The zinc crust generated, containing the Au and Ag (Parkes crust 
feed) is then skimmed off. It typically contains 1 kg of Ag per 5.77 kg (Ecoinvent - 
Classen et al. (2007)). 

The anode slimes produced in the electrolytic refining of copper also generally 
contain significant quantities of precious metals. They are thus treated for their 
gold and platinum group metals content. Acid leaching is used for the removal 
of Cu, Ni, Se and Te. Subsequently, a smelting process employing silica and 
sodium carbonate as fluxes, produces a ready to be electrolytically refined bullion 
which is approximately 60% rich in precious metals. The electro-refining takes 
place in a Moebius cell using titanium cathodes and an acidified silver nitrate as 
the electrolyte. The silver ions dissolve at the anode whilst silver crystals deposit 
on the cathodes. The silver gained is then melted in a crucible furnace ready for 
casting (IPPC, 2009). The slimes are further treated for gold and PGM recovery. 


8.9.2 Gold process 


Native gold comes from alluvial deposits and small nuggets which have been im- 
memorially extracted in placer mines using water panning and sluicing techniques. 
Gold can be also found in the form of tellurides but the latter do not constitute com- 
mercial ores. It is usually obtained as a co-product of sulphide mining, especially in 
copper ores. It can also appear alloyed with small amounts of silver or amalgamated 
with mercury and in fact the latter can be used for its extraction since mercury eas- 
ily amalgamates gold and silver. This action however entails important detrimental 
environmental consequences as will be seen later. Subsequently, mercury should be 
recovered in a distillation retort. 

Currently, low grade gold ores necessitate specific and elaborated mining, hydro 
and pyro-metallurgical techniques. Cyanide heap leaching of the ground ore is 
a key operation. Gold bearing sulphide ores are refractory to cyanidation and 
require ultra-fine grinding and roasting or any other sulphide oxidation pretreatment 
processes. Iron and copper also need to be removed and are done so as explained 
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in their corresponding sections (Sec. B.2.31 and Sec. B.2.17). When gold appears 
as a co-product of copper or other metals in their metallurgical extraction, the 
primary gold source comes from the anode slimes of the electro-refining processes!”. 
According to the Ecoinvent database (Classen et al., 2007), some 2,159 kg of blister 
Cu feed produces 143 kg of precious metal slime feed with slime refining reducing it 
down to 36 kg. This quantity in turn is composed of 1 kg of gold, 32.9 kg of silver 
and 1.82 kg of palladium. 

The separation process of silver and other impurities such as lead from gold 
is named gold parting. It is done in the Miller process which consists of melting 
impure gold in an induction furnace at 1000°C while blowing chlorine gas through 
the melt. Borax is added as a flux for a better skimming. Nearly all elements, except 
gold, form chlorides that float on top of the melt, as insoluble salts or volatiles. The 
gases meanwhile, especially zinc chloride, are captured in the scrubbing system. 
The resulting gold purity can reach 98-99.5%. If a higher purity is needed, then the 
gold is cast into the anodes for further electro-refining in the Wohlwill electrolytic 
process. This occurs in an electrolyte bath of acidic gold chloride at 70°C where 
the anode dissolves and pure gold deposits at the titanium cathodes. Platinum and 
palladium meanwhile remain in the electrolyte solution as slimes and are recovered 
later (IPPC, 2009). 

Gold easily dissolves in aqua regia (a mixture of nitric and hydrochloric acids in a 
ratio of 1:3 parts) or in hydrochloric acid/chlorine solution, forming a gold chloride 
which dissolves in water and later precipitates as a metal by means of different 
reagents. This technique may be used to treat gold containing anode slimes from 
silver electrolysis, as has already been described. Gold can also be removed from 
cyanide by electrolysis in enclosed installations. The hydrogen cyanide produced is 
immediately oxidised with a very strong oxidant such as hydrogen peroxide. 


8.9.3 Platinum Group Metals process 


This group is composed of Pt, Pd, Rh, Ru, Ir and Os. Their ores are alluvial 
deposits coming from ultrabasic magmas from the Earth’s interior. Their present 
economic limit of exploitation is with ores containing at least 0.05 ppm. All appear 
in minerals such as nickel-pyrites and chromium-pyrites carrying arsenides, stibines 
and sulphides of PGMs. According to Hochfeld (1997), a typical ore contains metals 
in the following ranges: Ni (0.1-0.3%), Cu (0.1-0.17%), Pt (3.2-6.0 ppm), Pd (2-20 
ppm), Rh (0.21-054 ppm), Ir (0.06-0.21 ppm), Os (0.04-0.07 ppm) and Au (0.07- 
0.26 ppm). 

Since most of PGMs are obtained from nickel sulphides, the beneficiation is the 
same as that of the originating ore. Thereupon, the ore’s iron sulphide content is 
decreased via floatation pretreatment, concentrating the ore some 20-30 fold to get a 


l0See http : //geology.com/publications/ getting — gold/gold — extraction.shtml. Accessed Aug. 
2011. 
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feed material of 7-25% Ni. The raw materials for PGMs extraction are concentrates 
produced from ores, mattes and slimes from nickel and copper operations. PGMs 
can also be present in the anode slimes once gold and silver have been obtained!!. 

The PGMs are extracted by a variety of hydrometallurgical processes which es- 
sentially consist of separation and purification processes. The low grade feedstock 
is crushed and melted to form a homogeneous product. As in the case of gold, the 
classical procedure consists of leaching the product in aqua regia and then allow- 
ing the metals to separate by selective precipitation. Firstly, aqua regia dissolves 
Pt and Pd leaving the other metals in the solid leach residue. Then platinum is 
precipitated with ammonium chloride and the salt is further heated to liberate the 
metal. Afterwards palladium is precipitated from the solution with ammonia. The 
solid leach residue contains Rh, Ir, Ru and Os. Rhodium is separated as a sulphate 
by treating this leach with molten sodium bisulphate. It dissolves in water and is 
easily separated by reduction with zinc powder. Ruthenium is then separated as 
sodium ruthenate by fusing the residue with sodium nitrate salts. It is subsequently 
converted into RuO, with chlorine gas. As RuQO, is a volatile compound, it can be 
separated by distillation and later reduced to the metallic state. Osmium is recov- 
ered in a similar way but using a distillation in acidic solutions. Iridium is obtained 
from treating the residue with sodium peroxide that solubilises in hydrochloric acid. 
The metal is obtained by calcination of the precipitate obtained with ammonium 
chloride (IPPC, 2009). 

An alternate method to obtain PGMs is through organometallic processes 
whereby all are simultaneously dissolved in hydrochloric acid/chlorine solution and 
then each metal is selectively extracted. The solvents used are organic molecules 
that form stable organometallic complexes which can be subsequently treated to 
obtain a pure metal sponge. Separation and purification treatments may consist of 
a variety of chemical precipitation and dissolution, liquid extraction, distillation of 
tetroxides, ion exchange, pyrolysis, reduction and electrolytic processes. 


8.9.4 Energy and environmental issues of precious metals 


According to IPPC (2009), precious metals have a significant impact on the envi- 
ronment. Air emissions contain heavy metals, SO2, CO2, NO,z, chloride, VOCs, 
dioxins, furans and dust. In addition to being energy intensive, the specific isolation 
processes use strong reagents such as hydrochloric acid/chlorine, aqua regia, caus- 
tic soda, a variety of organic and inorganic solvents, including cyanide, reducing 
and oxidising agents. The allocation of emissions is complex since their production 
processes are subsidiary of other base metal production. 

Sulphur dioxide emissions, which need to be collected in order to be converted 
in the sulphuric acid plant come from sulphide roasting, the acid digestion stages 
and fuel combustion. Chlorine and hydrochloric acid gases meanwhile are other 


11See http : //www.goldandsilvermines.com/platinum.htm. Accessed Aug. 2011. 
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emissions that can escape during the Miller process, digestion, electrolytic and 
purification operations. The chlorine is recovered wherever possible and scrubbers 
can be used to remove it from off-gases. Dust containing heavy metals such as Cu, 
Pb, As and Cd forms in the incinerators, furnaces and cupels and their emissions can 
be collected by filters. Nitrogen oxides that are produced in the high temperature 
combustion processes and in those which use nitric acid can be further emissions 
sources. Once collected in scrubbers, NO, is oxidised to nitric acid and recovered. 
VOCs, which can be destroyed with catalytic oxidation processes stem from solvent 
extraction. Dioxins and furans meanwhile come from the poor combustion of oil 
and plastic in the secondary feed material. 

Water effluent, both quantity and quality, is also a key issue as a significant 
amount of it is used in the beneficiation processes with copious amounts also applied 
in the pyrometallurgical and hydrometallurgical processes for cooling, leaching and 
solvent extraction. Wastewater quality is affected with the quantity released often 
containing a mixture of suspended solids, metal compounds and oils as well as 
anions such as cyanide or nitrite. Metals frequently detected in wastewater streams 
are As, Pb, Hg, Zn, Cd, Cu, Ni, Fe, Se and Ag which are treated along with 
solids using precipitation and/or ion exchange techniques (IPPC, 2009). 

Noril’sk Nickel Company in Russia and the Bushveld complex in South Africa 
are responsible for 90% of the primary world production of PGMs. Based on data 
of the aforementioned companies and from North American mines, Saurat (2006) 
proposes an emission per kg of PGMs, of 1.79 t of SOg; 23.45 t of COg — e anda 
total materials requirement of 377.2 t, from which nearly 99.5% is mined rock. A 
kilogram of PGM is equivalent to 0.753 kg of Pt, 0.32 kg of Pd and, 0.0377 kg of 
Rh. Per kg of PGMs, 164 kg of Ni and 115 kg of Cu are also produced. 

Mudd (2007b) and Glaister and Mudd (2010) analyse the water use, energy unit 
costs and GHG emissions in global Au and PGMs productions from data supplied 
by major companies. These authors present water use figures for a production- 
weighted average of 1 kg of gold and 1 kg of PGMs. These are 691 m°/kg Au 
(ranging from 224 to 1783) and 391.5 m?/kg PGM (ranging from 214-1612). These 
values are within the range of values given by Saurat (2006) and IPPC (2009). 
Moreover, they indicate that gold’s water demand stems from the need to mine low 
ore grades, whereas PGMs use more water in their refining processes. 

Mudd (2007b) and Glaister and Mudd (2010) also propose a production-weighted 
average unit energy cost of 143 GJ/kg of Au (ranging from 120 to 213) and 175 
GJ/kg of PGM (ranging from 100 to 255). Similarly, an average of 11.5 t CO2 — 
e/kg of Au (ranging from 224 to 1,783) and, 39.4 t CO — e/kg of PGM (ranging 
from 214 to 1,612) are proposed. For silver, unit energy costs and GHG emissions 
are expected to be proportional and slightly lower than those of gold, since both 
commodities are produced parallely. This is because silver ore concentration is 
higher than that of gold and once doré has been obtained, the refining process 
consumes similar amounts of energy. Specifically, Kellogg (1977) reported an energy 
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consumption of the global process of 1,582 GJ/t!*. Consequently, these numbers 
show that PGMs production is more energy and material intensive than either gold 
or silver. If the world demand for PGMs is constantly increasing, sooner or later 
they will need to be beneficiated from laterites (Proenza et al., 2010), leading to 
a sharp increase in the figures provided by Mudd (2007b) and Glaister and Mudd 
(2010). A fact which stresses the need to decrease consumer demand and increase 
secondary production. The latter emits 30 to 180 less SO2 per kg of PGM produced. 
Increasing recycling rates for autocatalysts and electronic products, for example, 
could also lead to environmental benefits with 30% less SO2 emitted (Saurat, 2006). 


8.10 Mercury 


The main mercury sulphide ore is cinnabar. It has a volcanic origin and is deposited 
from hot alkaline waters. Almaden mine in Spain has been the most important 
mercury supplier in the world since ancient times. However, as it is now known 
that mercury is highly toxic its market and production have declined. Currently, 
mercury is primarily obtained as a byproduct from copper, lead and zinc production 
and hence it is recovered in the sulphuric acid scrubbers where the gases from the 
copper, lead and zinc ores are roasted. The level of recovery ranges from 0.02 to 
0.8 kg/t of metal Cu, Zn or Pb (IPPC, 2009). 

Mercury production consists of roasting crushed cinnabar at 600-700°C. This 
oxidises the sulphides of base metals and separates evaporated mercury which is 
afterwards collected in a condensing column in the form of liquid metal. Secondary 
mercury can be also obtained from dental amalgams, silver oxide batteries, lamps 
or from precious metal amalgams. In a retort raised at 700°C and under vacuum 
pressure conditions, mercury evaporates after a typical residence time of 18 hours. 
Mercury gases are later incinerated to remove organic impurities, condensed and 
collected as liquid metal at room temperature. 

The main environmental concern with mercury is the vacuum mercury itself. 
However, it presents a lesser degree of harm than, for instance, the lead that was 
freely dispersed via gasoline combustion in vehicles for decades. That said, the effect 
of mercury poisoning was recorded by the Ancient Romans. The real danger stems 
from organic compounds of mercury such as methyl mercury which is neurotoxic 
and notoriously difficult to eliminate. It is produced from the mercury catalysts 
used in plastic manufacturing whereby it is discharged to wastewater. The best 
way to reduce this issue is prevention - that is to say the avoidance of mercury in 
chemical compounds such as paints or pesticides with dissipative uses. 


12 According to the LCA on silver production obtained as byproduct of copper carried out by 
Kennecott Utah Copper (2006c) 12% of the energy is used for smelting and 8% for refining. 
The remaining energy is used for mining, 27%, concentration, 54% and 1% for tailings (see also 
Fthenakis et al. (2007)). 
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As for energy requirements, Chapman and Roberts (1983) report consumption 
in the mining and concentration stage at 157 GJ/t of mercury, which climbs at the 
refining stage to 252 GJ/t. 


8.11 Refractory metals 


Refractory metals including Cr, Mn, Ti, V, Mo, W, Nb, Ta, Re, Zr are characterised 
by their high melting point, good resistance to heat and corrosion, high density, 
inertness and resistance to strong acid attack. They are used for special alloys in 
a multiple of new high-tech devices ranging from electronics to high temperature 
aerospace, industrial and medical appliances. New applications are found every day 
and it is likely that there will be increased demand in the near future!’. 

Due to this group’s high melting points, pure metal production is a very energy 
intensive operation because of its use, amongst others of electron beam furnaces. 
In some cases refractory metals are produced under a vacuum or in other extreme 
conditions. Their metal oxide reduction also requires extreme reducing agents such 
as aluminium, magnesium, silicon, hydrogen or to a lesser extent, coke and all at 
very high temperatures. 

Their properties and the commonly low ore grades found in mining result in 
the very high values of energy needed to generate one kilogram of refractory metal. 
There is also a host of substantial direct and indirect environmental impacts to 
consider. The Ullmann’s Encyclopedia (Ullmann and Gerhartz, 2002) provides 
data for the energy consumed in the electron beam furnaces used in the smelting 
of different refractory metals. For niobium and tantalum the values all fall within 
the range of 6,000 - 15,000 kWh/t-Me, whilst for molybdenum and tungsten it 
is <5,000 kWh/t-Me. The value for titanium is 1,000 kWh/t-Ti. Such numbers 
should give the reader an idea of the high energy impact of refractory metals. For 
instance, Norgate et al. (2007) obtain a life cycle gross energy requirement for 
titanium production of 361 GJ/t Ti which is a 70% higher than that of Al. They 
also obtain a GWP of 35.7 tCO2 — e/t Ti. 

Emissions to air are in concordance with the unit operations used. They are 
conventional and metal specific. Dust and diffuse emissions may contain harmful 
metals such as in chromium, cobalt or titanium and need to be specially treated 
in some cases. In other cases such as those involving tantalum, zirconium and 
hafnium, an additional radioactive control level is needed with wastewaters, process 
residues and solid wastes needing to be treated accordingly and similarly to those 
of conventional smelting. 


13See: What Are Refractory Metals? http : //www.pickpm.com/designcenter/refractory.pdf. 
Accessed Nov. 2011. 
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8.11.1 Chromium 


Chromium’s ore is chromite, a spinel of the type FeO-Cr203 with variable amounts 
of Mg substituting Fe and Al and Fe** substituting Cr?+. Therefore the range of 
Cr2QO3 in chromite usually varies from 25 to 60% with metal chromium correspon- 
ding to 17 to 41%. 

Chromium is used for alloying iron as a FeC'r additive, for corrosion resistant 
electroplating and for pigments in paints and inks. When producing ferrochromium, 
the smelting process of chromite consists of a reduction that does not eliminate iron. 
It is done in an electric arc furnace (see Fig. 8.10) or via metallo-thermic smelting 
using aluminium, silicon or carbon as reducing agents. 
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Fig. 8.10 High-carbon ferro-chrome production by using a closed furnace (IPPC, 2009) 


For producing pure chromium metal, iron must be separated by roasting 
chromite with calcium and sodium carbonate. This reaction produces molten 
sodium chromate, NazgCr2O,4 and Fe2O3 that precipitates in the high tempera- 
ture melt producing C'O2 gas. A subsequent leaching process with sulphuric acid 
converts the sodium chromate into sodium dichromate, NagCr2O7. The second 
step is to reduce dichromate to chromium (III) and finally to chromium metal. 
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This is done by first reducing the dichromate to chromite with coal and then reduc- 
ing the chromite to chrome metal using aluminium. An alternative way to obtain 
chromium is by the electrolysis of chromic acid, which is obtained from the dichro- 
mate produced in the leaching process. 

Alternatively, chromium metal can be produced from ferrochromium by elec- 
trolysis as follows. First FeC’r is leached in sulphuric acid at 200°C where ferrous 
sulphate precipitates. Then chrome alum (chromium (IIT) potassium sulphate) is 
formed upon the addition of potassium sulphate. After several crystallisation, fil- 
tration and ageing process steps, alum is ready to be used as an electrolyte for a 
diaphragm cell (IPPC, 2009). 

According to Chapman and Roberts (1983) the energy consumption in the pro- 
cess of mining and ore concentration is 1.5 GJ/t of FeCr and the energy required 
to obtain high-carbon ferrochrome from ore concentrate is 62.6 GJ/t of FeCr. Al- 
ternatively, Classen et al. (2007) (Ecoinvent) report that the energy required in the 
mining and concentration stages of this ore is 0.081 GJ/t of chromite, equivalent 
to 0.084 GJ/t of ferrochrome, at a refining grade of 81%. In the smelting pro- 
cess, the same authors report an energy consumption of approximately 36.3 GJ/t 
of ferrochrome produced whereas IPPC (2009) gives a figure of between 41.5-43.6 
GJ/t. 

With regards to health impacts, whereas chromium (III) is very stable and easily 
excreted from the body, chromium (VI) is quite aggressive if ingested because it is a 
very active oxidant. An additional concern is chromate dust due to its carcinogenic 
properties and ability to trigger allergic reactions (EPA, 1984; WHO, 2009). 


8.11.2 Manganese 


Pyrolusite (MnO) is the most important manganese ore, which is usually found 
either hydrated or in its anhydrous form with variable amounts of iron oxides and 
a Mn content as high as 35%. There are also vast quantities of pure manganese 
nodules on the ocean bed but they are as yet not economically exploitable. 

There are two commercial routes to produce manganese metal from its ore. 
One is electrolysis of aqueous manganese salts and the second is electrothermal 
decomposition of the ore. 

The former consists of first reducing the ore in a rotary kiln at 850-1000°C with 
coal as a reducing agent. In this method, once the calcine produced is cooled, it is 
leached in the sulphuric acid taken from the electrolytic bath. In the purification 
process of the leach, iron is removed by oxidative precipitation whilst nickel and 
cobalt are removed by sulphide precipitation and then filtered. The electro-winning 
of manganese sulphate has a poor efficiency due to its low reduction potential com- 
pared to hydrogen. To avoid this problem, sulphur dioxide is added to the electrolyte 
for electro-winning. Manganese metal is then plated on titanium cathodes, stripped 
off, washed, dried and degassed. The sulphuric acid from the anodes is subsequently 
recycled for re-entry into the leaching process. 
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The electrothermal process is used to produce ferromanganese. The ore is first 
smelted with coke as a reducing agent in an electric furnace or in a blast furnace 
to decrease its iron oxide content. The obtained high carbon ferromanganese may 
contain between 30-80% of Mn whilst the slag is also rich (up to 30%) in manganese 
oxide. This slag is then submerged in an electric arc furnace with silicon to produce 
silico-manganese. If this molten silico-manganese is treated with liquid slag from 
the first stage, relatively pure manganese metal (up to 98% Mn) can be attained 
(IPPC, 2009). 

Batelle-Columbus-Laboratories (1975) published data for the production of fer- 
romanganese and suggested that the energy consumption during the mining and 
concentration stage is 0.91 MJ/t of FeMn whilst the energy required for concen- 
trated ore refining is 57.3 GJ/t FeMn. 

In the process of obtaining electrolytic manganese, Morral et al. (1985), indicate 
that the electricity consumption for one kilogram of manganese lies in the range of 
39.6 to 43.2 GJ/t of pure manganese. On the other hand, Hancock (1984) proposed 
the value of 15.5 GJ/t for manganese leaching, which is equal to that of the copper 
obtaining process. In the compilation of Classen et al. (2007), Adelhardt and Saiger 
(1999) report a total energy consumption in the mining and concentration stages 
of 0.16 GJ/t of Mn and around 28.5 GJ/t in the smelting and refining processes. 


8.11.3. Tungsten (Wolfram) 


Wolframite (Fe, Mn)WOy, and scheelite CaWOy, are the two most common ores 
from which tungsten is obtained. They are less than 1.5% rich in WO3 and need 
to be liberated from the gangue material. Once the ores are crushed and ground, 
wolframite is concentrated by gravity and magnetic separation, whereas sheelite is 
concentrated using gravimetric and floatation methods. 

The chemical separation of tungsten essentially consists of converting the salts 
into tungsten trioxide through alkaline treatment and then reducing it with hydro- 
gen gas. If the metal powder is treated with black carbon, it produces tungsten 
carbide (WC), which may be further cemented with cobalt to form hardmetal'*. 

Its hydrometallurgical process involves alkaline pressure leaching of the concen- 
trated ore. This produces sodium tungstate and dissolves all the elements present 
such as As, Sb, Bi, Pb and Co including Mo in the form of thiomolybdate which 
can further be used for Mo production. Once purified, the sodium tungstate is 
converted into ammonium tungstate by an ion exchange process and crystallised. 
The resulting solid is then calcined in a rotary kiln to obtain tungsten oxides at 
temperatures ranging from 400 to 800°C. 


14See http : //education.jlab.org/itselemental/ele074.html. Accessed Sep. 2011, and 
http : //en.wikipedia.org/wiki/Tungsten. Accessed Sep. 2011. 
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A hydrogen reduction is carried out in a furnace where hydrogen passes oxides 
through the furnace counter-currently, forming water vapour. The hydrogen is then 
partly recirculated and the dust is collected by fabric filters or via wet scrubbing. 
The product is tungsten powder, most of which is then carburised. 

The carburisation process can be undertaken in a continuous pusher electric 
furnace at 1100-2000°C. The crucibles employed consist of a mix of carbon and 
tungsten powder with some cobalt as a binder. Hydrogen again passes concurrently 
to prevent an oxidative atmosphere and is flared off after exiting (IPPC, 2009). 

Tungsten and its compounds because of their stability are generally inert with 
a limited effect on the environment. However, it has been reported that sodium 
tungstate completely inhibits the reproductive capacity of earthworms (Inouye 
et al., 2006). 

Kellogg (1977) indicated that the total energy requirement for the production of 
tungsten was 369.2 GJ/t. Chapman and Roberts (1983) suggested that it required 
213 GJ/t in the process of mining and concentration of tungsten. This latter value 
is very similar to that given by Kellogg (1977). 


8.11.4 Vanadium 


Most of the vanadium produced worldwide is used for making ferrovanadium with 
the most common ore being vanadium and titanium-bearing magnetite. Therefore 
perhaps unsurprisingly, steel production derived from this ore is the primary source 
for producing ferrovanadium. In fact and depending on the exact ore, the slag 
produced in the oxygen blown furnace may contain up to 25% of vanadium (Magyar, 
2011). 

This vanadium-containing slag is used as the primary raw material for the 
metal’s production. First, the slag is roasted with lime or sodium chloride under 
oxidising conditions at 700-850°C to produce sodium vanadate (NaVO3). This com- 
pound is soluble in water which allows for its separation and concentration. A cation 
exchange reaction facilitates the precipitation of ammonia vanadate by controlling 
the pH value and temperature. This precipitate is then converted into different 
vanadium oxides, such as pentoxide, tetroxide or trioxide, by controlling tempera- 
ture and redox conditions. The aluminothermic reduction of vanadium oxide is a 
self-sustaining process that can be carried out in an electric furnace where additional 
energy input allows for better control. This reduction can also be achieved using 
calcium, magnesium, hydrogen or even carbon as reducing agents. Ferro-vanadium 
(FeV) is usually produced by the aluminothermic reduction of vanadium oxides 
in the presence of iron, whilst the reduction of vanadium pentoxide is commonly 
achieved with aluminium powder as a reducing agent (IPPC, 2009). 

Concerning environmental and health impacts, all vanadium compounds are 
toxic and may have adverse effects on the respiratory system. Therefore dusts 
containing vanadium oxides must be avoided via appropriate filters and scrubbing 
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systems. Where vanadium slag is used as the raw material, the wastewater coming 
from the leach contains arsenic that in turn needs to be eliminated. However, the 
gravest concern relating to vanadium emissions derives from the burning of fossil 
fuels!®. Crude oil can contain up to 1,200 ppm of the metal whilst annual worldwide 
emissions of vanadium to the atmosphere are estimated at 110,000 tonnes (Anke, 
2004). This figure is comparable to the worldwide production of vanadium of 56,000 
tonnes with 98% exploited from mines located in South Africa, China and Russia 
(Magyar, 2011; Athanassiadis, 1969). 

According to Kellogg (1977) the total energy required to produce ferrovanadium 
is 517 GJ/t. The metal undergoes a process similar to that of molybdenum, in 
which the ore is roasted and the ferrometal obtained, therefore it is assumed that 
the vanadium concentration process likewise requires a similar amount of energy to 
that of molybdenum - 136 GJ/t metal with the remaining 381 GJ/t of metal used 
in the process of obtaining the ferrovanadium. 


8.11.5 Molybdenum 


Molybdenum’s principal ore is molybdenite (1/0S2) but the metal is also recovered 
as a byproduct of copper and tungsten mining. Molybdenite is first ground and 
concentrated by a froth floatation process before being roasted at 700°C in order to 
oxidise the sulphide into molybdenum oxide (MoO3). The off-gas contains sulphur 
dioxide and dust. The latter is removed by cyclones and electrostatic precipitators 
and recycled to the concentrate feed. The gases are wet scrubbed and SO, is 
converted into sulphuric acid. The selenium and rhenium present in the raw material 
become vaporised as metal oxides, which are in turn removed by ion exchangers in 
the wastewater treatment plant or by solvent extraction (IPPC, 2009). 

The molybdenum oxide may be sublimated when heated at 1100°C, an activity 
which allows for its separation. Another way to do it is via leaching it with ammonia 
to form an ammonium molybdate (NH4)2(MoO,) that easily dissolves in water. 
Hydrogen sulphide also helps to liberate the dissolved molybdenum compound from 
its insoluble copper impurities. 

Molybdenum, the metal, is produced either by reducing molybdenum trioxide 
or ammonium molybdates with hydrogen at 600°C to produce molybdenum dio- 
xide. The second step consists of reducing the metal oxide, normally in a pusher 
furnace at 1050°C with hydrogen as a reducing agent. Hydrogen is impelled in a 
countercurrent flow to the feed material converting it into powder molybdenum. 
Compact molybdenum metal is then produced by melting its powder in an electron 
beam or vacuum arc furnace. Such furnaces are necessary as molybdenum has the 
sixth-highest melting point of any element. 

Ferromolybdenum, meanwhile, is mostly produced by an aluminothermic reduc- 
tion of molybdenum trioxide with iron oxide and iron scrap. In addition to the use 


15Vanadium traces in diesel fuels induce corrosion in engine components. 


Metallurgy of Key Minerals 217 


of aluminium metal as a reducing agent, lime fluorspar is added as a flux to im- 
prove slag and metal separation. The reduction process can also be done with silicon 
instead of aluminium. A smelting process produces a hot alloy block that once sepa- 
rated from the slag, is cooled in air or by quenching in water. The cooled metal block 
is crushed to a commercial size. The ferromolybdenum produced typically contains 
60% molybdenum. Smelting as of this product emits dusts and fumes which can 
be toxic, especially if ingested. Furthermore, low levels of prolonged exposure can 
cause irritation to the eyes and skin. It is therefore important to prevent industrial 
releases of the metal fumes and dust. They must be collected and extracted using 
a reverse air jet cleaning baghouse. Dusts, specifically, are recycled back into the 
smelting process (IPPC, 2009). On a side note, it is worth noting that molybdenum 
is an important element for the full functioning of the body and is present in the 
liver, kidneys and tooth enamel. Molybdenum also plays an important role in the 
nitrogen fixation undertaken by certain bacteria. 

According to Chapman and Roberts (1983), the energy requirement for the 
production of molybdenum is 136 GJ/t of metal and 12 GJ/t of metal for the 
concentration and refining stages, respectively. Kennecott Utah Copper (2006b) 
undertook a life cycle assessment for molybdenum production as a byproduct of 
copper mining and smelting. The energy proportion for each stage can be divided 
as follows: 42% for roasting and another 42% in the concentration, 23% in the 
mining, and 1% in the tailings (Fthenakis et al., 2007). 


8.11.6 Titanium 


Rutile (TiO2) and ilmenite (FeO - TiO2) are the two main titanium ores. As an 
example, a typical magnetite-ilmenite ore of northern Finland contains about 6.2% 
titanium. Ilmenite often contains appreciable quantities of MgO and MnO too. 
According to Barksdale (1968), the proportion of T% in soils is approximately 0.5 
to 1.5%'°. This element is thus very frequent in the Earth’s crust, so scarcity 
is not an issue. However, its commercial production is very energy and material 
intensive due to TiOy2’s high stability. A lowering of the energy requirement is 
something which needs to be grappled seriously if titanium is ever going to be used 
extensively. Melted titanium spontaneously reacts at 1200°C with the oxygen in air 
and at the lower 610°C in cases where pure oxygen is used. It burns easily when 
finely divided. It also readily reacts at high temperatures with nitrogen or carbon 
to form the corresponding nitride or carbide and this is something which causes 
embrittlement in the metal. 

Currently, titanium is extracted from its ore via the Kroll process. This starts 
with a carbochlorination reaction in which titanium oxide reacts at 1100 - 1200°C 
with coke as a reducing agent to produce titanium tetrachloride and CO2 gas (IPPC, 
2009). It is done in a fluidised bed process and the feed employed can contain a 


16See also http : //www.chemicool.com/elements/titanium.html. Accessed Sep. 2011. 
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rutile and titanium rich slag as generated by the metallurgical treatment of the 
ilmenite ore. Here the TiCl,, a fuming colourless and transparent liquid, is then 
reduced in a special stainless steel vessel with molten magnesium in an argon at- 
mosphere at 850-900°C. It is also condensed and separated by fractional distillation 
to a purity of at least 99.9%. This is a batch process where pure magnesium is 
first melted before controlled amounts of TiCl, are added to the mix, since the 
reaction is highly exothermic. A titanium sponge is obtained and magnesium chlo- 
ride is extracted at regular intervals by an application of pressure. The remaining 
magnesium and magnesium tetrachloride is extracted by high temperature vacuum 
at around 1000°C during 30-60 hours, leaving a purer titanium sponge. The mag- 
nesium chloride is then further electrolysed, obtaining magnesium metal that is 
further used as a reducing agent, and chlorine that is itself reused in the chlorina- 
tion process (Kawatra, 2011). The titanium sponge and eventually titanium scrap 
is conducted in a vacuum arc re-melting furnace. First, titanium is compacted in 
blocks using a press and shaped to form electrodes. These blocks then melt in vac- 
uum conditions under the arc formed between the electrodes and the bottom of the 
water-cooled copper crucible. As the electrode melts, the metal moves downside 
the furnace where molten titanium is collected forming ingots. These ingots are 
converted into blooms by breakdown forging and become ready for machining on 
market demand!”. 

The production of ferrotitanium meanwhile, is much simpler since no uncon- 
ventional operations are needed. For producing ferrotitanium, it is advantageous 
to start with ilmenite as the primary ore. The reduction is a conventional metal- 
lothermic process undertaken in a refractory lined crucible or in an electric furnace. 
Additionally, ferrotitanium can be produced by melting titanium swarf and iron 
scrap which has been previously reduced in size via oxy-flame cutting, then chipped 
and cleaned to remove any potential oil and moisture being introduced into the 
induction melting furnace. The titanium swarf is degreased in a rotary dryer where 
gases pass through an afterburner and are partially recirculated. The off-gases then 
flow through a ceramic filter and are neutralised with sodium bicarbonate prior to 
sending them to the stack. As the furnace operates in batch, the ferrotitanium 
composition is controlled by the frequent weighing of any changes and a product 
analysis. Once the ferrotitanium is completely melted, it is tapped off into ingot 
moulds (IPPC, 2009). Fig. 8.11 is a schematic of the processes for ferro-titanium 
production. 

Norgate et al. (2007) obtain a life cycle gross energy requirement for the Kroll 
refining process of 361 GJ/t Ti. They also state a GWP of the process of 35.7 
tCOz — e/t Ti. Additionally, Bravard et al. (1972) published the following data 
on producing titanium oxide from ilmenite: 23 GJ/t of titanium for its mining and 
concentration and 687 GJ/t in the refining. Yoshiki-Gravelsins et al. (1993), indicate 
that refining requires 406.8 GJ/t, which is similar to Batelle-Columbus-Laboratories 
(1975)’s 430 GJ/t. 


'7See http : //www.osaka — ti.co.jp/e/eproduct/titan/index.html. Accessed Sep. 2011. 
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Fig. 8.11 Ferro-titanium production (IPPC, 2009) 


8.11.7 Niobium and Tantalum 


At present, pyrochlores in carbonatite complexes are the mineral ores most exploited 
for the obtaining of niobium. Open pit mines contain ores typically comprising 2.5- 
3% Nb2Os which become physically concentrated to a 55-60% niobium oxide. This 


oxide is mostly used for producing ferroniobium. 


Furthermore, minerals containing tantalum often also have niobium which is 
recovered as a co-product. The main mineral ores for tantalum and niobium are 
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columbite (Fe, Mn) (Nb,Ta)2O¢ and coltan, (Fe, Mn)(Ta,Nb)20¢g. Columbite 
commonly has a Nb2O5 : Ta2Os ratio ranging from 10:1 - 13:1. If the columbite 
considered contains at least 30% Ta2Os, it is referred to as tantalite. Tantalum 
mineral concentrates typically range from 20% to 60% Ta2Os5 content. Tantalum 
is also a byproduct of the tin production from the cassiterite ores of Thailand and 
Malaysia. Specifically, it is found in the tin-slag derived from the smelting process. 
In addition, recycled tantalum streams account for about 20% of the total process 
input!®. 

Any production of ferroniobium from pyrochlore essentially consists of reducing 
niobium oxide in a mixture of pyrochlore with iron scrap and iron oxide through an 
aluminothermic process with lime or fluorspar used as fluxing agents (Stuart et al., 
1980). A typical ferroniobium composition is Nb, 62-67%; Fe, 28-32% and to a lesser 
extent varying amounts of Si, Al, Ti, P, S and C. The recovery of niobium in a 
molten ferroniobium is around 87-93% with most of the impurities present flowing 
into the floating slag. Ferroniobium can also be produced by reduction under a 
vacuum in a semi-continuous electric arc furnace, albeit that niobium recovery is 
lower than it would otherwise be in the alluminothermic process. As the furnace 
imparts additional energy to the reduction process, the aluminium reducing agent 
can be substituted in part by ferrosilicon, producing a low oxygen and carbon free 
niobium metal. Nickel-niobium can also be obtained using this procedure. As 
pyrochlores contain traces of the long-lived radioactive polonium which volatilises 
at the processing temperatures, additional safety and environmental procedures are 
required. 

Niobium oxide can be reduced to its metal through a carbothermic or alu- 
minothermic process in a vacuum furnace at 1950°C. The metal ingot produced 
is later refined in an electric arc furnace, where most of the impurities volatilise. 
A further second refining uses an electron beam furnace which produces the highly 
purified niobium employed in superconductors (IPPC, 2009; Schlewitz, 2000). 

The extraction of tantalum from columbites first requires the separation of tan- 
talum from niobium. The ore is treated with a mixture of hydrofluoric and sulphuric 
acid at elevated temperatures producing a slurry which contains various fluorides of 
niobium and tantalum, not to mention all the other metals present in the ore such 
as Fe, Mn, Ti, U, Th and the rare earths. The separation of Nb and Ta is then 
carried out straightforwardly by solvent extraction with methyl isobutyl ketone or 
by an ion exchange using an amine extractant in kerosene. Potassium heptafluo- 
rotantalate (K2TaF7) is obtained through the addition of potassium fluoride and 
can be precipitated with ammonia and then calcined to obtain tantalum oxide. In a 
process occurring simultaneously, niobium fluoride is neutralised with ammonia to 
form niobium hydroxide which is subsequently calcined to obtain niobium pentoxide 


18See Tantalum-Niobium International Study Center http : //tanb.org/niobium. Accessed 
Nov. 2011; http: //minerals.usgs.gov/minerals/pubs/commodity/niobium/. Accessed Nov. 
2011; and British Geological Survey (BGS). Mineral profiles: Niobium and Tantalum. 
www.bgs.ac.uk/downloads. Accessed April 2011. 
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(Schlewitz, 2000). Tantalum can also be recovered from tantalum rich slag via the 
smelting of tin concentrates through an identical procedure. This process accounts 
for about 30% of the world tantalum production. 

Tantalum powder metal, meanwhile, can be produced by reducing potassium 
heptafluorotantalate with sodium in a molten salt system at high temperature. It 
can also be produced by the carbon or aluminium reduction of the oxide (IPPC, 
2009). As for niobium, its powder needs to be refined in an electric arc furnace where 
most of the impurities volatilise during the high temperature melting process. 

There are however alternative treatment routes. Chlorine gas may be used to 
react with a mixture of coke and Ti-Nb-Ta—REE mineral concentrates (struverite 
from Malaysia, for instance) to produce an oxychloride gas of titanium-niobium- 
tantalum. The accompanying oxychlorides of iron, thorium and alkaline metals 
precipitate out as the gas cools. The 7% oxychloride is distilled from the liquid 
oxychlorides. The remaining Nb and Ta oxychlorides are further chlorinated to 
produce NbCl; and TaCls which are separated from each other by fractional dis- 
tillation. Now, the chlorides can be converted with steam into hydroxide or with 
ammonia hydroxide to form niobium and tantalum once the hydroxides are further 
calcined and then reduced!9. 

Botero (2000) calculates an approximate value of the energy requirement needed 
to obtain a tonne of tantalum based on the process involved in attaining tantalum 
pentoxide. The calculations indicate that open pit mining requires around 800 
GJ/t of ore. Furthermore, with consideration to the ore grade available in the mine, 
leaching with sulphuric acid would require between 150 and 1,000 GJ/t of tantalum. 
Botero (2000) uses the average value of this range at 575 GJ/t, meaning that some 
1,375 GJ/t of Ta is required for its mining and concentration. Classen et al. (2007), 
meanwhile, reports an average energy consumption for the beneficiation stage of 
tantalum equal to 829 GJ/t plus a total of about 555 MWh/t (3,083 GJ/t) of Ta, 
while for the refining stage this figure stands at 0.28 GJ/t of concentrate plus a 
total of about 720 kWh/t (8.1 GJ/t) Ta. 


8.11.8 Rhenium 


Rhenium appears in the molybdenite fraction of porphyry copper ores with a typi- 
cal concentration containing 0.001% to 0.2% Re in the molybdenite ore. Therefore, 
unsurprisingly industrial rhenium is a byproduct of molybdenum and copper pro- 
duction. 

The roasting process of molybdenite concentrates produces dusts, off-gases rich 
in SO2 and minor amounts of selenium dioxide and rhenium heptoxide (Re207). As 
rhenium heptoxide readily dissolves in water, it is removed from the waste gases via 


19 Another possibility is to reduce the tantalum chloride with hydrogen or alkaline earth metals. 
See the “Tantalum-Niobium International Study Center” http://tanb.org/niobium. Accessed Nov. 
2011. 
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wet scrubbing. The liquor used is recirculated to increase rhenium concentration to 
about 0.2 - 1.5 gr/l Re. 

The production of rhenium metal consists of a reduction process and the re- 
moval of rhenium heptoxide from the scrubbing liquor. The oxide is also easily 
eliminated from the latter either by precipitation as a sulphide, an ion exchange or 
solvent extraction procedure. Strong mineral acids then dissolve the oxide to form 
perrhenic acid with a further addition of ammonium chloride given to precipitate 
the perrhenate salt. Ammonium perrhenate is afterwards reduced with hydrogen 
in a two stage process to obtain rhenium metal powder. In the first stage, the feed 
is converted into rhenium dioxide at about 300 - 350°C. The temperature rises to 
800°C for the second stage reducing the rhenium dioxide to powdered metal and 
liberating ammonia and steam. The rhenium powder is further compressed, sin- 
tered in a vacuum or in a hydrogen atmosphere and subsequently pelletised to fit 
commercial requirements (IPPC, 2009). 

There are few data on the energy requirements for the production of this metal. 
However, from the description of the process in obtaining it, one can infer an ap- 
proximate figure. The energy required to grind a typical tonne of ore to 100 pm lies 
somewhere in the range between 0.15 and 0.2 GJ/t. In the case of rhenium mining 
for ore grades of 0.3% this figure is much higher at between 50 and 66.6 GJ/t. Also 
the process of concentration by flotation of a generic sulphide ore requires between 
0.1 and 0.18 GJ/t of ore, which in the case of rhenium is much higher at between 
33.3 and 60 GJ/t. Assuming the intermediate value on both occasions and consid- 
ering that the ore is subjected to a double process of concentration by flotation, it 
is assumed that the concentration of rhenium requires around 156 GJ/t Re. 

The pyrometallurgical process of rhenium is similar to other sulphide ores such 
as molybdenite or lead from which molybdenum or galena are respectively obtained. 
According to data presented by different authors, the process of extractive metal- 
lurgy of molybdenum requires 12 GJ/t of metal obtained. In the case of lead, 
as has already been described, a 18.9 GJ input is required per tonne of metal 
obtained. Considering these approximate values for the energy requirements of rhe- 
nium, Botero (2000) proposed a value of 15 GJ/t as representative of the energy 
required for the pyrometallurgical treatment of rhenium ore. 


8.11.9 Zirconium and Hafnium 


Zircon (ZrSiO4) is zirconium’s main ore. It is found in the zircon bearing sands 
of coastal waters and is associated with rutile and ilmenite titanium ores and tin 
minerals. Zircon always occurs alongside hafnium. Indeed, commercial zirconium 
can contain as much as 1% to 3% hafnium without affecting its properties, except 
for where it is exploited for nuclear applications. Hafnium must be separated from 
zirconium in nuclear reactor applications since Hf has a 600 times higher neu- 
tron absorption cross-section than Zr. The beneficiating of zircon bearing sands 
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is done with spiral concentrators in order to remove the lighter materials followed 
by magnetic separators to remove the rutile and ilmenite ores. Zircon has its own 
commercial market and only a very limited percentage is smelted for producing the 
metal it contains?®. 

Since zirconium’s properties are chemically and physically similar to titanium’s 
the production of zirconium and its sister metal hafnium may follow the Kroll 
process (See also Sec. B.2.70). The Kroll process for zirconium starts with a carbo- 
chlorination reaction in which zircon reacts with coke as a reducing agent to produce 
zirconium/hafnium tetrachlorides in a fluidised bed process. These chlorides are 
subsequently condensed and can be separated from each other by selective solvent 
extraction. Molten magnesium and magnesium chloride in an argon atmosphere are 
then used to reduce the chloride to its metal. The product is then converted into a 
fine metal in a vacuum arc refining process. (IPPC, 2009). 

According to Kellogg (1977), without specifying how much of this energy cor- 
responds to the processes of concentration or refining, the production of sponge 
zirconium requires 1,371.5 GJ/t. 

Given that hafnium is also obtained by the Kroll process and energy consumption 
for its production is 633 GJ/t (Kellogg, 1977), Botero (2000) took the hafnium 
refining stage consumption to be identical to that of zirconium’s. The remaining 
738.5 GJ/t corresponds to the process of mining and ore concentration. 


8.12 Lithium and Magnesium 


The alkaline metals such as lithium, sodium and potassium, and the alkaline earth 
metals such as calcium, strontium and magnesium all have similar chemical proper- 
ties. A limited market interest exists for them as pure metals, with the exception 
of magnesium. Their chlorides, oxides or carbonates however play a central role 
in many industrial processes. In this section the authors only concentrate on two 
metals: lithium and magnesium whose importance in new emerging technologies 
deserves special attention. 


8.12.1 Lithium 


Lithium in the Earth’s crust is as abundant as zinc and more common than either 
lead or tin but is widely dispersed. This effectively means that whilst scarcity per 
se is not a problem, the number of exploitable deposits are relatively few. The ones 
that are commercially viable occur in brines, sedimentary rocks and igneous rocks in 
pegmatite deposits. The latter are mostly silicates and include spodumene, lepido- 
lite and petalite which are combined silicates of aluminium, lithium and potassium. 
They can all be used to recover lithium, although this is currently uncompetitive 


20See http : //www.mineralszone.com/minerals/zircon — allied — mineral.html. Accessed Nov. 
2011. 


224 Thanatia: The Destiny of the Earth’s Mineral Resources 


with respect to the direct extraction of lithium from brines located in Bolivia, Salar 
de Uyuni, Salar del Hombre Muerto, Argentina and Salar de Atacama, Chile?! (Gru- 
ber et al., 2011). Sedimentary rocks like clay and lacustrine evaporites are another 
possible source of lithium. They may contain hectorite (Mg, Li)3Si4O190(OH)2 and 
jadarite Liz NaBs3SiO7(OH) and thus constitute a potential option that can help 
couple the future supply and demand for lithium batteries. 

Natural brines contain elements like sodium, potassium, lithium, magnesium, 
calcium, iron, boron, bromine, chlorines as anions, sulphates, carbonates and _ ni- 
trates. They are located under the salar’s surface and pumped to a series of evap- 
oration ponds where lithium chlorine brines are concentrated by solar evaporation. 
Boron and magnesium are then separated via precipitation. Boron precipitates and 
crystallises as boric acid upon acidifying the brine. Magnesium precipitates as mag- 
nesium carbonate upon adding sodium carbonate. The liquid is then pumped to a 
recovery plant to produce lithium carbonate which is obtained by adding sodium 
carbonate (soda ash) to the hot brine. The brines are used as a feedstock for potas- 
sium chloride production, in addition to other salts which are produced as byprod- 
ucts. Any residual brine is re-injected to underground salar deposits. Once this 
occurs, the resulting lithium carbonate is filtered, dried and ready to be shipped as 
the feed material for the further production of most industrial lithium compounds. 

Lithium can also be obtained from pegmatite rocks. In this case, G-spodumene is 
separated by floatation. Subsequently it is converted at high temperature (1100°C) 
into the less dense a-spodumene. This concentrate is then leached with sulphuric 
acid at 250°C to produce lithium sulphate which is further treated with sodium 
carbonate to form lithium carbonate. Further, lithium carbonate forms the feed- 
stock for producing lithium metal. Here the lithium carbonate is reverted back into 
lithium chloride, which is concentrated and crystallised. A molten eutectic mixture 
of lithium and potassium chloride is then electrolysed at 450°C with the voltage 
(4-5 V) applied selectively electrolysing LiCl but leaving the KCl unaffected. The 
electrodes involved in the process are made of a cylindrical anode and a concentric 
steel cathode submerged in a rectangular bath. As the process proceeds, LiCl is fed 
into the electrolytic cells (IPPC, 2009). The molten lithium metal is skimmed off 
and cast into rectangular rods then immediately covered with mineral oil to prevent 
oxidation. 

Kellogg (1977) published information on the energy requirement for the produc- 
tion of lithium hydroxide. Accordingly, 432.5 GJ are required to obtain a tonne 
of product. The mining process demands between 1.8 and 12.5 GJ/t of treated 
lithium. Given the high total energy consumption, Botero (2000) considered the 
upper range value of 12.5 GJ/t as the energy required in the process of concentration 
and subscribed 420 GJ/t to the metallurgical process. 


21See http: //www.azom.com/article.aspx? Article] D = 3503. Accessed Aug. 2011. 
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8.12.2 Magnesium 


Magnesium is the third most abundant metal after aluminium and iron in the 
Earth’s crust. Deposits of magnesium, especially magnesite M/gC'O3 and dolomite 
MgCOx3 - CaCO3 are widely distributed in large quantities and are of adequate 
quality for the production of the metal. Carnallite, with an 8% magnesium content, 
is the third most frequently exploited metal ore, after the previous two. Other de- 
posits occur in magnesium salts, especially chloride, double chlorides and sulphates, 
which are constituents of many water sources including saline lakes and the ocean. 
Indeed each cubic kilometre of seawater contains 1.3 million tonnes of magnesium, 
at an average magnesium concentration of 1.28 ppm (Quinby-Hunt and Turekian, 
1983). 

Magnesium as a metal is obtained either by a thermal reduction process or 
electrolysis. The metallothermic option consists of reducing dolomite, which has 
been previously calcined in a rotary furnace, with ferrosilicon in a retort vessel 
where aluminium is sometimes also added. The process takes place under a vacuum 
or in an argon-inert atmosphere at 1700°C. The furnace is electrically heated and the 
liquid slag opposes resistance between the electrode and the carbonaceous bottom 
lining. It produces magnesium vapour which afterwards condenses in a condenser 
cooled by water. The crucible is then conveyed to the foundry for the casting of 
magnesium ingots (IPPC, 2009). 

Most magnesium metal production (around 80%) is obtained through the elec- 
trolysis of magnesium chloride. The chloride is produced from roasting dolomite 
in kilns where magnesium and calcium carbonates are converted into their oxides 
(dolime). Thereafter, the dolime is quenched with seawater precipitating the mag- 
nesium hydroxide and thus separating the magnesium from its calcium compounds. 
The magnesium hydroxide can then be subjected to hydrochloric acid in order to 
produce magnesium chloride. The latter must be further dehydrated in fluidised 
beds employing hot air at 150-180°C and then later hydrogen chloride gas at the 
higher temperature of 300-400°C. 

But there can be another route whereby magnesium hydroxide is instead reverted 
into its oxide by reducing its water content and calcining the feed in a rotary kiln. 
The product is subsequently pelletised with charcoal and magnesium chloride brine 
and is processed in a chlorinator furnace where chlorine gas converts the oxide into 
chloride. This process produces molten magnesium chloride for the electrolysis stage 
(IPPC, 2009; Friedrich and Mordike, 2006). As electrolysis of magnesium chloride 
in aqueous solution releases hydrogen instead of magnesium, the cell used must be 
composed of a molten mixture of magnesium chloride with alkali chlorides at 700- 
800°C. The fused MgCl2 at 300-400 kA, allows for the co-production of a highly 
concentrated chlorine gas and liquid magnesium metal??. The reaction generates 
magnesium thanks to the density differences that exist within the molten bath. The 


22See http : //www.magnesium.com/. Accessed Nov. 2011. 
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chlorine gas produced in the anode is recycled for the preparation of the magnesium 
chloride feed whilst the metal is removed from the cells and protected with sulphur 
hexafluoride so to prevent oxidation during the casting process (IPPC, 2009) 

Significant emissions involved in magnesium production are dust from dolomite 
and the calcination of magnesium oxide, chlorine and HCl which form part of the 
cell gases and the cell room ventilation. SF used in the casting operation to prevent 
re-oxidation of the molten magnesium is also a problem??. Likewise, dioxines and 
furans are generated in the chlorination operation whilst carbon dioxide is produced 
both in the chlorinator and during electricity production. Due to the high toxicity 
of the off gases expelled by the chlorinator furnaces, they must all be treated in a 
series of wet scrubbers and wet electrostatic precipitators before incineration. The 
contaminated water also requires attention in a water treatment plant (IPPC, 2009). 

Hancock (1984) and Yoshiki-Gravelsins et al. (1993) compiled data on the total 
energy requirement to produce magnesium from seawater. The former reports a 
figure of 467.74 GJ/t of magnesium whilst the latter states a slightly reduced one 
at 406.8 GJ/t. The current power consumption ranges from 10 to 20 kWh/kg Mg, 
whereas the theoretical minimum is 6.8 kWh/kg Mg?+. The main inefficiencies 
of magnesium production stem from the heat losses associated with the need to 
maintain the bath temperature and the recombination of magnesium and chlorine 
in the electrolyte. The IPPC (2009) shortens this range to 13-14 kWh/kg Mg. In 
contrast, the production of calcium metal by electrolysis, requires about 33 - 55 
kWh/kg Ca. The IPPC figure does not however account for the energy needed for 
the preparation of the necessary raw materials. 


8.13 Rare Earth Metals 


Extractive metallurgy of rare earths elements (REE) is perhaps the most complex 
of any metal group. They include the seventeen metals scandium, yttrium and 
the lanthanides: lanthanum, cerium, praseodymium, neodymium, promethium, sa- 
marium, europium, gadolinium, terbium, dysprosium, holmium, erbium , thulium, 
ytterbium and lutetium. 

Since rare earths applications and subsequently their production have recently 
boomed, their metallurgy is far from optimised, neither in terms of energy con- 
sumption nor environmental impact. The reactivity of rare earths is high and as 
they naturally occur simultaneously, costly separation processes must be employed 
for isolating each and every one of them as a commodity. Therefore, in the authors’ 
opinion, ground-breaking optimisations cannot be expected in the near future. Per- 
haps the best source for understanding the extractive and metallurgical intricacies 
of REE is that of Gupta and Krishnamurthy (2005). 


?3The European Council and Parliament prohibits the use of SF¢ in magnesium die-casting as of 
1st January 2008, except where the quantity involved is below 850 kg per year. 
24See http: //www.magnesium.com/. Accessed Nov. 2011. 
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Due to the increasing importance of REE in the global market, a detailed de- 
scription of their applications, geochemistry and metallurgy with associated impacts 
is carried out in the next sections. 


8.13.1 Main uses of REE 


As explained in Chap. 1, the main uses of REE can be found in permanent mag- 
nets with a 25%7° of the market share going to vehicles, wind turbines and many 
miniature applications such as computers and smart phones. Consumer demand 
is mainly focused here on Nd, Sm, Pr, Gd and Dy. This market has a strong 
growth rate estimated at 16% for the period 2010-2015. The next mass produced 
rare earth application is that of the fluid cracking catalysts with a market share 
of 15%, and a steadier growth rate of 6%. In this case, demand is predominantly 
focused on La and Ce. Rechargeable batteries currently share a global demand 
of 14% but their demand is rising rapidly - by an estimated 18% per year for the 
period 2010-2015. Demand for this consumer stream is centred around mischmetal 
which is essentially composed of La, Ce, Nd and Pr and combined with transition 
metals such as Ni, Co, Mn, and/or others. 

Another key use is cerium oxide as a polishing powder. With a current market 
share of 14%, an annual growth of 15% was estimated for the period 2010-2015. 
Metallurgical usage, meanwhile, currently covers a market share of 9%, with its 
main requirements relating to La, Ce, Pr and Nd. Auto-catalytic converters using 
La and Ce have a lower market share at 7%, a figure which is expected to increase 
annually, in the period 2010-2015, by some 8%. Glass additives in turn have a 6% 
market share with demands expected to grow by 4% annually. These additives are 
used either with Ce for lowering the reactance of UV light or La in order to increase 
the reactive index of camera lenses. 

Phosphors are the fastest growing application with a soaring demand of an above 
30% annual growth. The rare metals needed in this case are La, Ce, Eu,Gd,Tb 
and Y. All of these elements are used extensively in flat TV screens, LCDs and 
compact fluorescent lights. LEDs are an energy efficient technology requiring a 
lesser use of rare earths. That said, it is unlikely to have much of an impact on 
current consumption patterns due to spiralling global demand. 

Considering the limited number of mine openings before 2020 (see Sec. 8.13.2), 
it is expected that demand in some REE will exceed supply as is already the case 
for neodymium, europium and yttrium. For dysprosium and terbium in particular, 
scarcity is likely to present a problem. Indeed most of the REE are forecasted 
as critical with high price volatilities. Consequently it is becoming increasingly 
imperative that substitution and end-of-life recovery technologies are developed to 
complement mined supplies. 


25This percentage as with all presented in this section are cited from the following authors Gibson 
and Parkinson (2011); Shaw (2012); Chegwidden and Kingsnorth (2010). In addition, detailed 
information for each individual REE can be found in Sec. B.2 in the Appendix. 
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8.13.2 Geochemistry of REE 


Rare earths, despite their name, are not in fact rare but dispersed. It would be there- 
fore more appropriate to refer to them as “disperse earths’. Cerium, for example, is 
as abundant as copper or nickel. All REE have very similar chemical properties due 
to their electron structure?®. Scandium, yttrium, lanthanum, cerium and lutetium 
have one electron each in their external subshell d and each of the lanthanides fills 
one more electron in their subshell 4f. Due to this progressive internal sub-shielding 
they present the so-called lanthanide contraction, which consists of a gradual de- 
crease in ionic size, M+?, as atomic number increases. This explains their chemical 
similarities, their difficulty of separation, their own geological particularities - found 
all together-, and even their intricate discovery history. 

REE can be grouped into two sets relative to their natural occurrence: those 
composed of the light lanthanide elements La, Ce, Pr, Nd, Pm, Sm and Eu, called 
the cerium subgroup; and the heavier ones composed of Gd, Tb, Dy, Ho, Er, Tm, Yb 
and Lu together with Y, called the yttrium subgroup or heavy lanthanides. All rare 
earth metals are stable, except for the radioactive promethium. 

Although around 200 additional rare earth minerals are known with presence 
>0.01% of rare earths, the predominately minable minerals for rare earths extraction 
are bastnaesite, monazite and xenotime which collectively contain more than 95% 
of the crustal rare earths. 

Bastnaesite is a fluorocarbonate of the cerium subgroup REF'CO3 with variable 
quantities of Ce (27-32% of cerium oxide), La (49-50%), Nd (13-15%), Pr (4-5%), 
Sm (0.5-1%) and other REE amounting to less than 1%. The mineral appears in 
small crystals (phenocrysts) interlocked with grains of carbonatites of an igneous 
origin and also in carbonatite magmatic dykes and fluorite bearing veins of epither- 
mal origin. 

Monazite is an orthophosphate of the cerium subgroup, RE PO4,, with variable 
quantities of La (44-47%), Ce (18-24% of cerium oxide), Nd (17-20%), Pr (4-6%), 
Sm (2.5-5%), Gd (1-6%) and Y (1-3%) with the remaining rare earths, together 
with thorium, contributing to a figure of less than 1% overall. It occurs in minor 
quantities in igneous rocks, typically granite and metamorphosed igneous rocks such 
as gneiss, which when exposed to erosion appear in coarse grained rocks in sands 
or in other detrital placer deposits. 

Finally, xenotime is a thorium orthophosphate with a rare earth content be- 
longing to the yttrium subgroup, YPO,. The Malaysian xenotime contains ~60% 
of yttrium oxide, with the remaining 40% constituting oxides of Ce (~5%), Dy 
(~8%), Er (~5%), Yb (~6%), Gd (~4%), Nd (~2%), Ho (~2%), Sm (~2%), Tb 


26Scandium (atomic number 21, external subshell 3d), yttrium (39, 4d'), the lanthanides: lan- 
thanum (57, 5d‘), cerium (58, 4f!5d'), praseodymium (59, 4f%), neodymium (60, 4f*), prome- 
thium (61, 4f°), samarium (62, 4f°), europium (63, 4f7), gadolinium (64, 4%), terbium (65, 4f9), 
dysprosium (66. 4f°), holmium (67, 4f11), erbium(68, 4f!), thulium (69, 4f13), ytterbium (70, 
4f'5), and lutetium (71, 4f!45d!). 
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(~1%), and the remaining rare earth oxides REO, which amount to less than 1%. 
Xenotime, as with monazite, occurs in minor quantities and is found in the same 
types of rock. Weathering processes transport and comminute the mineral, widely 
dispersing it over the entire crust. 

In previous chapters the reader has seen that the energy needed for obtaining a 
substance from its mineral is a function of its chemical composition, concentration 
and comminution energy. In turn, these properties depend on the given mineral’s 
ore. So this begs the question, why are rare earths scattered and expensive to 
obtain? 

To answer this question, the authors look to, as an example, the giant 
REE — Nb-— Fe deposit of Bayan Obo, Inner Mongolia. Yang et al. (2003, 2009), 
Lai et al. (2012) and Cuchi, J.A. 2012 (private communication) state that it was 
generated by the reactive interaction of mantle fluids (containing REE, Nb and Fe 
at temperatures in the range of 1000-1500°C) with previously formed sedimentary 
carbonate rocks, resulting in a carbonatite melt confined in a crustal chamber. The 
subsequent cooling process undertook fractional crystallisation with an upgrade in 
REE concentration (metasomatism). The rich REE fluids were then channelled 
upwards along a rift penetrating in the rock or diffusing and filling the veins of a 
lenticular shape. Later on, weathering processes converted them into fine-grained 
dolomite marbles and dolomite/calcite carbonatites. These in turn have variable 
amounts of magnetite, monazite, bastnaesite and fluorite with a total REE content 
ranging from 15,370 ppm to 85,192 ppm, a steep contrast to the continental crust 
which holds an average 117 ppm (Lai et al., 2012). The metasomatic process as 
described above, falls into the common case of formation of pegmatite rocks. They 
consist of a structure of interlocking crystals of intrusive igneous origin, in which the 
rare earth elements, in addition to niobium, tantalum and lithium (as spodumene 
or lepidolite) are commonly found. 

Therefore the answer as to why rare earths are scattered, can now be tentatively 
formed. They come from the magma and as they are chemically similar they appear 
together with only fractional crystallisation permitting a partial separation. Magma 
is composed of ten principal elements: Si, Al, Fe, Mg, Ca, Na, K, H, and O, forming 
various silicates and oxides, with their exact nature being depth and pressure de- 
pendent (Helffrich and Wood, 2001). All other elements collectively, including rare 
earths, set up the remaining 1% (see for example Brophy (2012)). Therefore, the 
fractional crystallisation of magma plays a key role in concentrating rare earths. To 
understand this process, one first needs to be able to distinguish between compat- 
ible and incompatible elements. Incompatible elements are those whose ionic radii 
are so large that they do not fit in the crystal structure of the mantle silicates like 
olivine, pyroxene and garnet and oxides of the spinel group. This is the case of rare 
earths and a selection of other elements including K, Rb, C's,Ta, Nb,U,Th,Y, Hf, 
and Zr. When the mantle starts melting these large ions they are primarily dis- 
placed from their crystallographic sites and enter the liquid (fractional melting). 
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As the temperature rises, liquefaction proceeds and the concentration of incompat- 
ible trace elements attenuates to the point of complete melting. This explains why 
partial melting of the mantle concentrates rare earths. Additionally, the lanthanide 
contraction sheds light on why the lighter rare earths (La — Eu) are more abundant 
than the heavier ones (Ho to Lu), being Lat? the largest ion and Lu*® the smallest 
one. Consequently, a low percentage of mantle melting implies larger concentrations 
of light rare earths, which penetrate and crystallise in the crustal hollows (Nelson, 
2012). 


8.13.3 Main REE deposits 


As already mentioned, the largest bastnaesite deposits, which also contain other 
types of REE minerals, occur at Bayan Obo, Inner Mongolia (~5% ore grade) and 
the Maoniuping deposit (~4% ore grade), in Sichuan province, China, as well as 
Mountain Pass in the United States. Monazite deposits from marine sands are found 
in Australia, Brazil or India and form large rock veins in South Africa. Additional 
and smaller rare earth deposits exist in Malaysia, Sri Lanka, Thailand, elsewhere in 
the United States, Russia, Kazakhstan and Kyrgyzstan. The ion adsorption clays, 
providing the world’s primary source of yttrium production, can be found in the 
southern Chinese provinces of Jiangxi, Guangdong, Hunan and Jiangsu. Some of the 
concentrate ores here contain as much as 65% yttrium oxide which is accompanied 
by the heavy lanthanides. Jiangxi clays frequently contain the rare earth oxides 
(REO) of Y (~60%), Dy (~8%), Er (~5%), Yb (~3.5%), Ho (~1.5%), Tm (~1%) 
and light REO of Gd (~7%), La (2-5%), Nd (~5%), Sm (~4%), Pr (1-2%), Tb 
(~1.5%), Ce (~1%) and the remaining REO which account for less than 1% (Gupta 
and Krishnamurthy, 2005). 

According to USGS (2012) rare earth global reserves are increasing yearly?” 
with the number currently standing at around 114 million tonnes. China with 
48% of all commercially exploitable rare earth, ranks first followed by the ex-Soviet 
states 17%, the U.S. 11%, India 2.7%, Australia 1.4%, and others - a category 
including the Indochinese countries and Greenland 19%. These reserves are 877 
times greater than current world production (130,000 tonnes in 2012). Whilst there 
may be reserves, world demand which is rising 7.1% annually greatly outstrips 
supply. Risk to further supplies is at a critical stage given that 97% of current REO 
production originates from China, a country which since 2005 has imposed strict 
export quotas. According to Chinese authorities, exports have been decreased in 
response to natural resource depletion, increased illegal mining activity, detrimental 
environmental impacts and the desire to promote domestic markets involved in 
downstream processing industries. The world’s response has since been an unbridled 
race towards the opening of new mines across the face of planet. According to 
Gibson and Parkinson (2011), in less than 5-10 years, new REE mine projects 


27In 2008, reserves were estimated at 99 million tonnes - see Table 6.10 on page 162. 
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outside China are set to open in Australia: Mount Weld, (22,000 t/y, 11.1% REO 
grade eq.), Nolans Project (20,000 t/y, 4.7%), Dubbo (2,580 t/y, 2.7%); Canada: 
Strange Lake (12,120 t/y, 3.7%), Nechalacho (9,296 t/y, 4.9), Hoidas Lake (5,000 
t/y, 4.6%); South Africa: Zandkopsdrift (20,000 t/y, 3.9%), Steenkampskraal (2,500 
t/y, 27.8%); United States: Mountain Pass (42,402 t/y, 9.8%), Bear Lodge (7,000 
t/y, 5.2%); Others: Kvanefjeld, Greenland (43,700 t/y, 2.0%), and Norra Karr, 
Sweden (5,000 t/y, 2.1%). 

Even if the mining projects corresponding to some 191,000 t REO/yr are in 
progress, some REF such as Ce are expected to be in surplus but many others 
such as Nd, Pr and Y will likely remain in a short term supply deficit?®. 


8.13.4 Extraction and physical beneficiation of REO 


The lanthanide contraction not only explains the occurrence of REE but their diffi- 
cult beneficiation, chemical processing, separation and refining. According to Gupta 
and Krishnamurthy (1992), physical beneficiation takes advantage of the small dif- 
ferences in density, magnetisation, surface ionisation potential and/or surface wet- 
tability of rare earth minerals and various co-occurring ones such as garnet and 
magnetite. Therefore, after a crushing and grinding process the ore is shook on 
tables or can undergo magnetic or electrostatic separations and/or bulk flotation 
processes, in order to separate heavy minerals which are obtained in chemically 
processable concentrations of rare earths. Likewise, bastnaesite is separated from 
monazite via a shaking table. 

Physical beneficiation is very deposit and mine specific. In the processing of 
bastnaesite and monazite at Bayan Obo, 90% of the particles are crushed and ground 
to <74 yum, before undergoing a magnetic separation. The resulting material is then 
concentrated by rougher froth flotation from only ~5% to ~60% REO. The process 
recovers the depressed silicates, iron and niobium oxides from the bottom whilst the 
REE minerals and gangue float in the paraffin soap made up of the sodium salt 
of oxidised mineral oil. A thickening and de-sliming process eliminates the fraction 
lower than 5 wm and removes the excess of paraffin soap from the foam containing 
the REO and the gangue which is itself composed of calcite, fluorite and barite. The 
latter is subsequently removed with a selective froth floatation using hydroxamic 
acid as a chelating agent, at pH 5-6. The trapped substance is then depressed 
by NazCO3, NagSife and Naz2SiO3. The resulting slurry is thickened, filtered 
and dried. Apart from concentrating rare earth as a co-product, the whole process 
recovers magnetite, hematite, fluorite and niobium oxide which form the principal 
products. At 85% concentration a single tonne of rare earth mineral may need 
anything between 6 and 86 tonnes of raw ore (Gupta and Krishnamurthy, 2005; 
Bouorakima, 2011; Gibson and Parkinson, 2011; C-Tempo, 2011). 


8See also http : //www.slideshare.net/RareEarthsRareMetals/libertas-rareearthreview. Ac- 
cessed Nov. 2012. 
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8.13.5 Chemical upgrading of REO 


A chemical upgrading follows beneficiation to dissolve the RE compounds. Conven- 
tional techniques for chemical dressing may include roasting, caustic soda fusion, 
sulphuric acid attack at high temperatures and hydrochloric acid leaching. As bast- 
naesite is a fluorocarbonate (REF'CO3) chemical separation can be achieved either 
by obtaining crystallised chloride hexhydrate RECls -6H2O or its hydroxide. 

Subsequently, the bastnaesite concentrate is leached with hydrochloric acid at 
10% to remove calcite, then dried and calcined. The process leads to a 90% REO 
concentrate. A further digestion with HCl 30% yields a slurry with RECls and 
REF in solid phase. Any fluorides present can be digested into soluble hydroxides 
with caustic soda and recycled. Thereafter the whole slurry is treated with caustic 
soda with the resulting cake re-chlorinated to convert hydroxides into chlorides. The 
solution is then neutralised, filtered and evaporated to produce rare earth chlorides 
(Gupta and Krishnamurthy, 1992). The acidic route of Bayan Obo first roasts the 
REO concentrate for four hours with sulphuric acid in a rotary kiln at 400-500°C. 
This process dissolves the minerals, producing sulphates RE2SO4, then removes any 
fluorides and CO. The mixture is then filtered and leached with water to obtain a 
pure rare earth sulphate solution. Further treatment with ammonium bicarbonate 
precipitates and allows a selective recovery of RE carbonates. The production of 
RE chlorides is obtained by the treatment of carbonates with hydrochloric acid 
(Bouorakima, 2011; Schiiler et al., 2011). 

Monazite concentrate, meanwhile, may be treated with caustic soda (60-70%) at 
140°C to convert the REPO, into Na2PO, and RE hydroxides. Following filtra- 
tion, the solution contains NazPO,, which can be recovered as a byproduct after 
having been subjected to evaporation and crystallisation. The resulting cake is 
treated similarly to that of the bastnaesite process with HC1 utilised to obtain RE 
chlorides. However, as monazite contains Th and U, the HC! dissolution must be 
critically maintained at 70-80°C and a pH 4-4.4 to precipitate the mildly radioac- 
tive Th and U chlorides and convert them into valuable, albeit environmentally 
questionable, byproducts. Consequently, protective measures are needed from the 
extraction of the ore to the workings of slurry tailings and chemical processing. 
Alternatively, monazite may be digested with sulphuric acid at 200-220°C to dis- 
solve RE and Th sulphates and filtered out from spurious solids. Neutralisation 
with ammonia and an addition of Na2SO, facilitates the precipitation of the dou- 
ble sulphate RE2(S'O4) - NazSO4-nH2O. Additionally, REE can be precipitated 
as oxalates from the sulphuric dissolution. In both cases the precipitate is then 
essentially ready to follow the route of the aforementioned hydroxides (Gupta and 
Krishnamurthy, 1992). 


8.13.6 Isolation of RE Elements 


Separation and purification equipment falls under fine chemistry. Flexible and so- 
phisticated apparatuses are used for the treatment of varied REO composition feeds 
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Fig. 8.12 Flow diagram for Bastnaesite’s physico-chemical beneficiation 


8.13.6 Isolation of RE Elements 


Separation and purification equipment falls under fine chemistry. Flexible and so- 
phisticated apparatuses are used for the treatment of varied REO composition feeds 
and products. These processes require large amounts of power and reagent inputs 
and contribute to some ~70% of the overall operating costs (Gibson and Parkinson, 
2011). Therefore, it is the separation and purification stage which provides the 
major added value to the final price of an isolated REO and/or REE. 

The isolation of REE from each other requires further processing which takes 
advantage of their small chemical and physical differences. Fractional crystallisa- 
tion, fractional precipitation, solvent extraction and ion exchange are all empirically 
used techniques. The latter two are the most common. Each one has its own ad- 
vantages and disadvantages pertaining to the composition of the final product, the 
degree of separation from other REE, the economic viability or process efficiency. 
Slight variations in basicity as well as selective oxidation or reduction provide the 
fundamentals of separation for all of them. Therefore, the individual separation of 
REE begins with the oxides, given that they easily hydrolyse in water and simply 
precipitate. As it happens with the alkaline and alkaline-earths oxides, they are dif- 
ficult to reduce because they form stable oxides of the trivalent ion, M+. Cerium, 
as an exception, can be oxidised into the stable salts of Cet4 whilst Pr and Tb 
permit the M4* state in its more instable form. Sm, Eu and Yb can also accept a 
reduction to divalent ions and become strong reducing agents. 

As explained, cerium is the most abundant REE and is first removed by dry- 
ing hydroxides with hot air or any other form of selective oxidation that converts 
Ce(IIT) into the less basic Ce(IV). The treatment of hot dilute acid selectively pre- 
cipitates the cerium oxide. Eu(IITI) may be selectively reduced with a zinc amalgam 
in a chloride solution and then precipitated as a sulphate. Europium can also be 
electrolytically reduced. Additionally, Eu can be separated along with Sm and Yb in 
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a buffered acetate solution using sodium amalgam as a reducing agent. Lanthanum, 
praseodymium, and neodymium, meanwhile, may be separated by fractional pre- 
cipitation using ammonium nitrates. Yttrium, meanwhile, selectively precipitate 
with sodium sulphate. Yttrium along with gadolinium, terbium and dysprosium 
may also be separated by fractional crystallisation using a sodium rare earth EDTA 
(ethylenediaminetetraacetic acid) or RE-bromate, in order to reach a commercial 
purity of 99% oxides (Kleinberg et al., 1960; Gupta and Krishnamurthy, 1992). 

At Bayan Obo mining complex, the solvent extraction technique (see 
Fig. 8.13) is used to successively separate the REE mix. It uses EHEHPA (2- 
ethylhexylphosphonic acid mono-2-ethylhexil ester) as a chelating agent in a hy- 
drochloric medium. Each rare earth solution is precipitated by ammonium bicar- 
bonate or oxalic acid and the salt is further oxidised into the REO (Schiiler et al., 
2011). The method is preferably used for separating the light lanthanides because 
it is a simple, rapid and selective. Ce(IV) can efficiently be extracted from the 
trivalent lanthanide ions and dissolved in an aqueous nitric acid solution with trib- 
utyl phosphate (TBP). The same procedure is also used to separate La, Pr, Sm and 
Nd but in this case it requires a series of extraction stages. This latter point is a 
drawback in favour of the ion-exchange technique, which can be used to separate 
gram or microgram concentrations of lanthanide ions in industrial production. 

The ion exchange technique employs resins which consist of organic polymers 
with sulphonic or carboxylic groups. The original cations of these groups are re- 
placed by ones with a greater affinity for the resin. This affinity is greater, the 
smaller the ionic radius of the hydrated substituting ion. Accordingly, the resin is 
first flushed with a solution of cupric sulphate to prepare the column. Then, when 
passed slowly through a resin, the aqueous trivalent lanthanide ions displace the 
copper ones and the lanthanides become fixed in a narrow band at the top. This 
exchange process establishes a certain separation between hydrated lanthanide ions 
according to their ionic radius with the strongest bond that of the Da-ion and the 
weakest, Lu-ion??. Thereafter the lanthanide ions are eluted with a chelating agent 
such as ammonium ethylenediamine tetra acetic acid (NH4t EDTA) which passes 
over the resin and exchanges the ammonium ion for the lanthanide. The stability of 
the complexes increase from lanthanum to lutetium, so lutetium is the first eluate 
and lanthanum the last. EDTA is therefore an effective means with which to sepa- 
rate all rare earths except for the pairs Eu—Gd and Yb—Lu. Alternatively, HEDTA 
(2-hydroxyethylene diamine triacetic acid) is used for separating the Tm — Yb— Lu 
fraction whereby the isolated lanthanide complex easily releases the M*? ion via a 
simple pH shift (Kleinberg et al., 1960; Gupta and Krishnamurthy, 1992; Anderson 
and Taylor, 2011). 


2°Note that the order of sizes of hydrated ions is the inverse of that corresponding to the simple 
ionic radii. 
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Fig. 8.13 Representative separation of REO using solvent extraction (SX) 


8.13.7 From REO to RE metals 


RE metals are obtained from REO through reduction. Owing to the basicity of 
RE2O3, the reducing agent must be quite strong since its stability is greater than 
that of magnesium, aluminium or silicon oxides and only slightly less than calcium 
oxide. Similarly, the stability of RE-fluorides and anhydrous RE-chlorides is only 
superseded by CaF of the fluorides and KCl, NaCl, LiCl and CaCl, of the chlo- 
rides. Given this fact, the alternative consisting of a metallothermic reduction with 
alkaline or alkaline earth metals is a difficult one. This reduction can be achieved 
in a vacuum or inert atmosphere (to avoid reactions with oxygen) with calcium 
metal in the case of REO and RE-fluorides and with K, Na, Li and Ca metals 
with respect to the chlorides. This fact also explains the need for special crucibles 
made from refractory metals such as of niobium, molybdenum, tantalum or tung- 
sten. In addition, the feed must be free of carbon, nitrogen and silicon impurities 
since REE form interstitial dicarbides, mononitrides and disilicides which alter the 
composition and properties of pure metals (Gupta and Krishnamurthy, 2005) 

Specifically, there are several commonly used routes for obtaining the pure rare 
earth metals: a) via the reduction of anhydrous chlorides or fluorides; b) via a 
carbothermic reduction of the oxides; and c) via the electrolysis of fused chlorides 
salts or oxide-fluoride mixtures. 

The first option, direct reduction-distillation, is used for obtaining volatile lan- 
thanides like Sm, Eu, Tm and Yb. The reducing agent is commonly lanthanum but 
can also be Ce, mischmetal (a commercial mixture of lantanides), Zr and even Th 
(Gupta and Krishnamurthy, 2005). Essentially the process consists of mixing La 
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chips with rare earth oxide at 1400-1600°C in a tantalum crucible. Here lanthanum 
oxidises and the reduced RE metal sublimates whilst the gas produced crystallises 
on the walls of a tantalum condenser. This process is then repeated as the obtained 
RE metal still contains La,O and H impurities. 

The second option, 7.e. direct reduction of REO can be achieved commercially 
via a carbothermic technique. RE metals do however form highly stable solid solu- 
tions with oxygen and carbon and given that they are difficult to remove, additional 
and costly purification methods are required. To overcome such difficulties the usual 
procedure is to convert RE2O3 into anhydrous chlorides or fluorides by chlorination 
or hydrofluorination followed by an active dehydration (Gupta and Krishnamurthy, 
2005). 

Temperatures above a RE metal’s melting point are needed in the chloride 
reduction process. Here an induction furnace in a tantalum crucible, with Ca acting 
as a reducing agent in an inert atmosphere, is used to prepare La, Ce, Pr, Nd and 
Gd. The efficiency of this methodology is greatly decreased due to an excessive 
chloride volatilisation resulting from the high melting point of these metals. The 
Kroll process, as applied in the production of titanium, can be used to obtain heavy 
RE metal sponge at temperatures lower than the metal melting point (Gupta and 
Krishnamurthy, 2005). 

The fluoride reduction route meanwhile yields better efficiencies, both in purity 
and in metal conversion, however at higher reagents, power and equipment costs for 
each batch process (Gupta and Krishnamurthy, 2005). Here the greater stability 
of the fluorides and the lower vapour pressure of Caf 2 allow for temperatures 
higher than 1700°C. This facilitates the preparation of those RE metals with higher 
melting points. 

Finally, the third mentioned process, namely, the electrolytic reduction of rare 
earth trihalogenides is the most effective and cheapest method to obtain pure RE 
metals. This is because it does not require special reagents nor is it limited by 
chemical stability considerations. 

The trichlorides reduction process operates in a molten bath of NaCl— KCl and 
other chlorides enclosed in air-free refractory lining cell at 650°C with a graphite an- 
ode and an iron cathode. A higher bath temperature favours solubility. However, 
it increases the volatility of the bath’s constituents and the RE metal produced 
attacks the cell wall. One also needs to consider that O2,H2,C'O2 and graphite 
react with RE metals forming interstitial products with a lower reactivity but a 
higher melting point, thus decreasing current efficiency. Subsequently, the process 
produces light lanthanides with high purity but at a very low metal yield (40-50%). 
An ingenious way of overcoming the problem is the recovery of RE metals as alloys. 
This is undertaken when heavy RE metals are electrolysed as chlorides. Con- 
sumable cathodes of Cd or Zn form molten alloys with the REE permitting easy 
separation from the fused salt electrolyte. Thereafter the RE metal is separated 
by distillation of the molten alloy. Gadolinium, europium and dysprosium metals 
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meanwhile can readily be obtained using cadmium cathodes, while separating scan- 
dium and samarium necessitates zinc and iron rod cathodes, respectively. Yttrium 
likewise is obtained with molten aluminium or magnesium cathodes (Gupta and 
Krishnamurthy, 2005). 

The fluoride electrolyte bath is also used to overcome the issues associated with 
chloride electrolysis (Gupta and Krishnamurthy, 2005). Cells for electrolysing RE 
oxide-fluorides use fused salts like RE F3, LiF and BaF» to increase oxide solubility 
and conductivity whilst also decreasing the melting point. To provide an example, 
the Reno electro-winning cell of around 150 dm°, operates at a temperature range 
1370-1700°C and consists of a graphite crucible with graphite anodes, a tungsten 
cathode and a molten salt electrolyte composed of an equimolar REF and LiF 
mixture, where RE2O3 is added. It is used for the preparation of liquid yttrium, 
gadolinium and dysprosium (Morrice et al., 1968). It is also used in the production 
of high quality cerium, lanthanum, neodymium and praseodymium in other cell 
designs (Gupta and Krishnamurthy, 2005). 

Fig. 8.14 shows the preparation of REO metals from chlorides or fluorides. 
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Fig. 8.14 Preparation of REE metals from chlorides or fluorides 


8.13.8 Purification of RE metals 


Purification of RE metals is a complex step. It involves, amongst others, tech- 
niques such as vacuum melting and distillation, electro-refining and zone refining. 
Vacuum arc melting is used to purify La, Ce, Pr, Nd, Gd,Tb, Y, Lu and Sc which 
have vaporization pressures less than 13 Pa. As La,Ce, Pr and Nd have low fu- 
sion temperatures and a low vapour pressure, a re-melting process is also applied. 
For the case of Gd,Tb, Y and Lu with high fusion temperatures and intermediate 
vapour pressures, the RE metal is distilled. Meanwhile for Sc, Er, Ho and Dy, with 
high fusion temperatures and high vapour pressures, the RE metal is sublimated. 
As explained above, the more volatile RE metals Sm, Fu, Yb and Tm, are obtained 
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by direct reduction-distillation. Consistently, the vacuum sublimation technique is 
applied in their refining process (Gupta and Krishnamurthy, 2005). 

Vacuum arc melting involves a tantalum crucible which is used to remove the 
volatile impurities, obtained in fluoride electrolysis, from the RE metal. Here, 
as the name suggests, the unpurified metal is melted at 1800°C and at vacuum 
pressure so that the unwanted CaF», Ca or Hz are taken out before the RE metal 
begins to melt. During the vacuum melting process, tantalum is dissolved by the 
RE metal. As solubility of Ta increases with temperature, those REE with the 
highest melting points show a greater dissolving effect. Tantalum crystallises just 
holding the temperature close above the melting point of the RE metal and below 
the melting point of Ta (3012 °C) . However, when Ta solubility in REE is high, it 
is necessary to resort to a distillation of the RE metal, as in the case of Gd,Tb, Y 
and Lu, or to sublimate it off, as in the case of Sc, Dy, Ho and Er. Removing Ta 
from a Gd—Ta mixture meanwhile is extremely difficult, since Gd has a low fusion 
temperature and a low vapour pressure. This means that the distillation process 
here needs increased refluxing which causes considerable dissolution of the tantalum 
constituting the crucible. A tungsten crucible does not significantly improve the 
situation either, as it requires the subsequent removal of W derived impurity (Gupta 
and Krishnamurthy, 2005). 

Electro-refining is an alternative to purification. It is especially applied in the 
case of gadolinium with tantalum impurities, by simply replacing the laborious 
distillation of the lanthanum-thermic reduction procedure. It may also be used in 
refining yttrium and other REE. 

The hard to achieve de-oxidation of REE is finally attained at very high tem- 
peratures by distilling off any pure metal and leaving part of the oxygenated rare 
earth metal as a residue of the higher melting temperature. Oxygen, carbon and 
silicon can be removed by chemical/electrochemical means while nitrogen may be 
eliminated by degassing (Gupta and Krishnamurthy, 2005). 

If ultrapurification of the metal is required, further steps such as zone refining 
and electro-transport are used. Both are based on the idea that some impurities 
migrate within a RE metal rod via either an application of heat to melt a thin zone 
at ultrahigh vacuum conditions, or via employing direct current on the metal in a 
noble gas atmosphere. Migration enhances the purity of one end of the metal rod, at 
the expense of concentrating the impurities at the other, which is later discarded. 
Particularly in electro-transport, metallic impurities migrate to the anode whilst 
interstitial impurities such as C,O,N and H move towards the cathode (Gupta 
and Krishnamurthy, 2005). Moreover, zone refining is used to eliminate carbon and 
metallic impurities such as the Ta or W stemming from the crucibles. 

Fig. 8.15 shows a diagram of the processes involved in the purification of RE 
metals. 
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Fig. 8.15 Purification of REE metals 
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8.13.9 REE alloys 


Many applications of rare earths require their alloys rather than their pure metals. 
Among the different alloys the authors describe here the production of mischmetal 
and permanent magnets. 

A mischmetal (MM) can be obtained if the rare earth ore is processed as a single 
metal instead of a light REE mixture. Its composition runs parallel to the ratio 
found in the mineral resource. It is commercially produced by the electrolysis of 
anhydrous MM-trichloride operating in a molten alkali bath, in a manner as des- 
cribed above for the single RE-trichlorides electrolysis (Gupta and Krishnamurthy, 
2005). 

Some rare earth metals alloyed with transition metals (REE — TM) form per- 
manent magnets with high resistance to de-magnetisation (coercivity) and high 
(maximum static) energy product?°, as is the case of derivatives of Sm — Co and 
Ni—Fe-—B alloys. They store 4 to 5 times greater energy per unit of volume than 
conventional magnets such as PtC'o or AlNiCo and importantly hold high coerciv- 
ity even at the typical temperature range of working machinery. Their preparation 
essentially consists of two stages: synthesis of the alloy and magnetisation. 

Techniques such as high frequency vacuum induction for co-melting the REE 
with a transition metal or fused salt electrolysis with cobalt cathodes have been 
used to prepare RE — Co permanent magnets, notably SmCo; material. However, 
direct reduction of RE O3, achieved by a calciothermic reduction of the REO in the 
presence of cobalt powder, is preferred since it saves on energy and materials. Indeed 
it has been used to produce high efficient permanent magnets such as derivatives 
of Sm — Co, Sm — Pr — Co, Sm-Mischmetal-Co, and Sm — TM, with TM = 
Co, Cu, Fe, Zr (Gupta and Krishnamurthy, 2005). 

The production of Nd— Fe — B alloys follows other routes which predominately 
consist of calciothermic reduction of either neodymium oxide or fluoride followed 


30Fnergy product is referred to the maximum magnetic induction B multiplied by the field strength 
H. 
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by an alloy melting with FeB. The electrolytic reduction with Fe cathodes is an 
alternative route followed by the alloy melting with F'eB. 

The main steps of the magnetisation process consist of milling, sintering and 
annealing the alloy material. The milling process pulverises the material to ~ 3y 
with a narrow size distribution. The ultimate objective should be a sizing as close 
as possible to the internal domains of uniform magnetic polarisation. Next, the 
powder is compressed (~200 MPa) and aligned in a magnetic field (~800 kA/m) 
parallel to the magnetisation axes of the domains. The material is then sintered?! 
to shape it into a solid form before undergoing a post-sinter annealing treatment at 
625°C to improve its coercitivity. The material is subsequently ready for grinding, 
coating and finishing the magnet according to the market demand (Gupta and 
Krishnamurthy, 2005). 

The alloy compositions of the main magnets are SmCo5, Sm2Coj7 and 
Nd2Fe4B. Their maximum energy products are ~150 kJ/m°, ~220 kJ/m3 
and ~300 kJ/m°, respectively (Strnat, 1990). Various alloys based on sintered 
Nd — Fe — B magnets have obtained an energy product higher than 400 kJ/m3 
at room temperature, an increased coercitivity and/or an improved resistance to 
corrosion. Such alloys were prepared by simultaneously adding cobalt, dysprosium, 
praseodymium amongst others, ensuring a preservation of the NdjFe,4B crystal 
structure. They are the strongest known permanent magnets and have found ap- 
plication in high powered wind energy turbines (Kirchmayr, 1996). 

Two representative routes for Nd— Fe—B alloys preparation and magnetisation 
are shown in Fig. 8.16. 
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Fig. 8.16 Representative routes for Nd-Fe-B alloy preparation and magnetisation 


8.13.10 Energy and environmental issues of REE 


The overall environmental impact of rare earth production is among the highest 
of all metals. This is because it involves beneficiation of very low mining grades, 
containing radioactive elements such as Th and U, which is the case of monazite ores. 


31 $mCos is sintered at 600°C, whereas the Nd2Fe14B is sintered in an Ar atmosphere at 1100°C 
to avoid oxidation. 
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Production also involves strong chemical treatments either with alkali, sulphuric 
acid and/or hydrochloric acid, plus conventional roasting processes. Explicitly for 
the case of REE, a chemical separation of the different elements either by solvent 
extraction or ion-exchange processes must be added. It also requires reduction 
and electro-refining in extremely harsh conditions due to the high reactivity and 
easily contaminated tendency of REE. Furthermore, the process of obtaining rare 
earths is as energy intensive as that of titanium or alkali-earth elements preparation 
with the alloying processes at high temperature and inert atmosphere contributing 
further to energy consumption and the subsequent environmental impact. Their 
cumulative impacts are difficult to ascertain due to the overwhelming diversity of 
chemical routes and the type of product that can be obtained (a mix or pure REO, 
mischmetal, pure element at different purity grades, or alloys for magnets and other 
applications). As many REO are exported, transport costs to the refiner’s site are 
also a key consideration. Furthermore, there is a worrying lack of transparency in 
field data for REO production (which come mainly from a single country producer) 
and for REO processing (which is carried out in many different countries). Whilst 
there are some partial LCAs on REE preparation, a comprehensive LCA map is 
still missing. 

Specifically, the REE industry in China emits more than 18 billion cubic meters 
of waste gas per year in the smelting and separation processes alone. For every tonne 
of REO the following detrimental effects are produced (Gibson and Parkinson, 2011; 
Chen, 2010): 


9,600-12,000 cubic meters of waste gas with 8.5 kg of fluorine, hydrofluoric acid, 
sulphur dioxide and sulphuric acid. 

75 m? of acidic wastewater. 

1 tonne of radioactive waste residue diluted in water. 

2,000 tonnes of mine tailings containing Th (20.4 m?3 of waste rock/t of REO). 


Other problems for South Chinese mines relate mostly to illegal mining which 
can easily result in uncontrolled toxic wastes entering the public water supply, loss of 
vegetation, soil pollution and erosion and contamination of groundwater and rivers 
generally. 

Koltun and Tharumarajah (2008, 2010) undertook a LCA study using Sima Pro 
7.1 of the REE used for magnesium alloys whereby the RE mineral contains 75% 
bastnaesite and 25% monazite with separate REO preparation routes. Table 8.1 
shows the results of Koltun and Tharumarajah (2008) in the mining, beneficiation 
and separation of REE ore at Bayan Obo per kg of total REO (TREO). 

Their investigation considers the production of the REO at Bayan Obo, Inner 
Mongolia and the reduction and separation process at the purchaser’s site (Aus- 
tralia). They allocated energy and environmental costs in proportion to the price 
of each commodity whereby Bayan Obo produces iron and niobium ore as its main 
bulk product. At this site, for each kg of total REO, 170 kgs of iron ore are pro- 
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duced. Thus, whilst the deposit occurs at 33.0% iron ore, this contributes to only 
9% of the mine’s economic value, meanwhile REO constitute 6% of the volume but 
proportion 86% of the revenue stream. 

Table 8.2 shows data from the same paper which was used to estimate the 
consumption of water, electricity, fuel energy and the corresponding GHG emissions 
generated in the production of 1 kg of every type of REE. 


Table 8.1 Energy, water consumption and GHG emissions from mining to sepa- 
ration of 1 kg of REO (Koltun and Tharumarajah, 2008) 


Process Electr., Heat GHG Water 

MJ energy, MJ emissions, consumption, 
kg kl 

Mining and 1.6 6.2 2.5 3.05 

beneficiation 

REO extraction from 5.6 90 10.5 19.09 

bastnaesite 

REO extraction from 55.6 11.9 18.3 18.15 

monazite 

Light REO 12.6 0 3.3 0.58 

separation 

Medium REO 5.2 0 1.3 0.16 

separation 

Heavy REO 15.5 0 5.5 8.52 

separation 


Overall production 96.1418.4 108.1+21.6 41.4+4.2 49.55+12.4 
for lkg of REO 


The figures of Table 8.1 for the separation of light REO (La, Pr, Nd) are 
calculated considering a solvent extraction process with mono-2-ethylhexyl ester 
HEH(EP#) as an extractant in a HCl medium. Something similar occurs with 
medium REO (Sm, Eu,Gd) but the process requires a considerable number of 
extraction and scrubbing stages. The heavy REO (Tb, Dy, Ho, Er, Yb,Y) is sep- 
arated using an ion exchange process with a 2-ethylhexyl-hydrogen 2-ethylhexyl 
phoshonate, PC-88A resin with the reduction calculated based on the fused fluo- 
ride salt electrolysis for La, Pr and Nd, including mischmetal, in a Reno cell. The 
medium and heavy RE metals are metallothermically reduced with calcium over 
the anhydrous fluoride at about 1000°C in a tantalum crucible. 

Koltun and Tharumarajah (2008) provide the electrical and fuel energy con- 
sumption separately (see Table 8.2). Thus based on this report and assuming an 
average Chinese electric grid mix of 75% produced from coal power stations and 
25% from hydro, the primary fuel consumption (exergy cost) calculated by the au- 
thors of this book for the overall exergy consumption per kg of REE is among the 
highest of all metal productions. 
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Table 8.2 Energy, water consumption and GHG emissions derived from the production of 1 kg of 
REE (Koltun and Tharumarajah, 2008) 


REE Electr., Heat Exergy GHG Water 

MJ energy, cost, MJ emissions, consumption, 

MJ kg CO2 — eq kl 

Lanthanum 91.8+17.8 127.6427.0 357.1+71.5 39.64.35 43.5+11.0 
Cerium 154.7+29.8 199.5+41.5 586.2+116 67.647.11 75.7£19.1 
Praseodymium 91.9+17.9 128.2+27.3  358.0472,1 40.5+4.33 43.4+11.0 
Neodymium 173.1433.3  218.9445.2  651.64128,4 75.57.88 85.54+21.4 
Gadolinium 996.4+191.0 1166+235.0 3657.0+712.5 423.6443.4 522.3+131.7 
Yttrium 331.5463.6  424.4+86.8 1253.14245.8 144.9+15.0 180.7+45.9 


Bouorakima (2011) also undertook a LCA of REO production in Bayan Obo, 
and another Chinese mine with similar ores, Maoniuping in Sichuan province. These 
two accounted for 48% and 24% respectively of the 2010 REO Chinese production, 
which is almost exclusively dedicated to light REE. The investigation provides 
data regarding the mining, comminution, beneficiation and hydrometallurgical pro- 
cessing of REO at the Bayan Obo site of Baotou Steel Rare Earth Group Hi-Tech 
Co*?. 

Due to a lack of publically available data, some processes were estimated. Bouo- 
rakima (2011) approximated that some 470.3 GWh (44.3 for mining and 426 for 
beneficiation) were consumed as fuel and electricity to produce the 2010 net 62,400 
tonnes of the total (REO) at a rate of 16,200 tonnes of ore per day. This accounts 
for a direct energy use of 27.1 MJ/kg of TREO (2.55 mining and 24.55 benefi- 
ciation), without taking into consideration the energy consumed in producing the 
chemicals used in the process. The production of waste rock was 58.2 tonnes/t of 
TREO which contained 14.2 kg of radioactive ThO2. Wastewater was estimated 
at 75 m3/t of TREO. The overall emissions for the whole process including the 
separation of REO was 6.45 kg COzeq/kg of TREO plus an acidification poten- 
tial of wastewater and the atmosphere of 0.559 kgSO2 — e/kg of TREO and 0.124 
kgSO2 — e/kg of TREO, respectively. A tonne of original ore also produces 351 
kg of metallic co-products (Fe and Nb), 60 kg of bastnaesite and 589 kg of tailings 
(Schiiler e¢ al., 2011). Kara et al. (2010) reports from the Ecoinvent database, an 
environmental impact for producing 1 kg of each REO of 8.5 kg CO2 — e/kg of 
Laz2O3; 7.59 kg CO2 - e/kg of Ce203; 34.35 kg CO, - e/kg of Nd2Q3; 36.85 kg 
CO2 — e/kg of Pr2O3; 2.32 kg CO2 — e/kg of Sm2O3; 46.79 kg CO2 — e/kg of 
EuzO3; and 0.30 kg CO2 — e/kg of Gd2O3. 


32-The Tailing Dam is 11 square kilometers wide and six meters above the ground. About 10 million 
tonnes of wastewater are discharged each year containing iron slag, fluorine, chlorine, sulphates and 
other toxic chemicals plus waste slurries of rare earth minerals including the radioactive elements 
Th and U. The dam is 11km close to Baotou village. 
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8.14 Summary of the chapter 


Throughout this chapter, the different metallurgical production chains of key mi- 
nerals produced in the world have been described. Table 8.3 shows a summary of 
the energy requirements and GHG emissions for each of the described metals as 
well as for other important industrial minerals. The information has been obtained 
among others from the Ullmann’s Encyclopedia (Ullmann and Gerhartz, 2002), the 
BREFs (Best available techniques Reference Documents) (IPPC, 2009, 2001, 2012) 
or the Ecoinvent database (Classen et al., 2007). It should be pointed out that 
the lack of precise and reliable data found in the literature is surprising. Some of 
the most “modern” information sources date back to the seventies®? and hence the 
processes from which the information was obtained might no longer be accurate or 
even relevant. Furthermore, as was shown in Chap. 7, as the ore grade decreases, 
energy consumption increases exponentially. 

Hence, mining energy requirements (even with significant efficiency increases) 
might be higher than those provided in Table 8.3. Finally, as metallurgical pro- 
cesses are subject to many different factors, such as ore grade, mining conditions, 
economic, environmental and technological constraints, etc, there is a wide range 
of energy values for each commodity with exact details depending on where on the 
globe the different processes take place. To overcome information gaps, life cycle 
assessments should be systematically applied to evaluate and benchmark processes. 
This demands real data be taken directly from the field, rather than that obtained 
from computer databases and crude estimates. Studies like those of Norgate and 
Rankin (2002) where GHG are related to the ore grade for copper are urgently 
required. Consequently Table 8.3 should be taken with caution, even though it 
provides good orders of magnitude. In any case, and despite the knowledge gaps, it 
has become steadily clearer as the chapter progressed that the metallurgical indus- 
try is one of the most energy intensive of all with large detrimental effects on the 
environment. 

This chapter closes the description of the geological, geochemical and techno- 
logical aspects of the mineral endowment on Earth. The next part of the book is 
aimed at providing the thermodynamic vision of mineral resource depletion. 


33For instance, the data obtained by Botero (2000) are estimates based on the studies of Kellogg 
(1977); Chapman and Roberts (1983); Yoshiki-Gravelsins et al. (1993); Hancock (1984). 


Table 8.3: Energy requirements for the production of different mineral com- 


modities 


Energy requirements, GJ/t 


COg emissions, tCO9/t 


Metal Mining Source Smelt. Source Whole Source Sec. Source Prim. Source Sec. Source 
& & Re- pro- Prod. Prod. Prod. 
Benef. fin. cess 
Aluminium 54 (Norgate et al. 211 (Norgate et al. 22.4 (Norgate 
2007) 2007) et al., 
2007) 
47 (Grimes et al., 2.4 (Grimes 
2008) et al., 
2008) 
30.5 (Barkas, 2009) 69 (Barkas, 2009) 
Alumina 120 (IAI, 2008) 
Antimony T4 (Botero, 2000) T2 (Botero, 2000) 
Arsenic 9 (Botero, 2000) T9 (Botero, 2000) 
Beryllium 7.2 (Botero, 2000) 450 (Botero, 2000) 
Bismuth 3.6 (Botero, 2000) 52.8 (Botero, 2000) 
(Bis- = 
muthi- O. 
nite) i 
Cadmium 109.5 (Kihlstedt, 1975) = 
264 (IPPC, 2002) 279 (IPPC, 2002) 3 
Cerium 470.2- (Koltun and 60.5 = 
702.2 Tharumarajah, i SS 
2008) 74.7 
Chromium (FeCr) 0.084 (Classen et al., 36.3 (Glassen et al., x 
2007) 2007) Ra 
42.5 (IPPC, 2009) 
1.5 (Chapman and 62.6 (Chapman and s 
Roberts, 1983) Roberts, 1983) 3 
Copper 66.7 (Chapman and a7 (Chapman and 33; = (Norgate et al, g 
Roberts, 1983) Roberts, 1983) 64 2007) S 
16.9 (Grimes et al., 6.3 (Grimes 1.25 (Grimes 1.57 (Grimes & 
e 2008) et al., et al., et al., 
25.5 2008) 2008) 2008) 
21.4 (Classen et al., 
2007) 
Cobalt 9.2 129 
(Lin- 
naeite) 
Fluorite 1.45 (Botero, 2000) 
Gadolinium 2,944.5 (Koltun and 380.2 - (Koltun 
- Tharumarajah, 467.0 and 
4,369.5 2008) Tharu- 
mara- 
jah, 
2008) 
Gallium 12,660 (Kellogg, 1977) 
Germanium 2,216 (Kellogg, 1977) 
Gold 143,000 (Mudd, 2007b) 11,500 (Mudd, 
2007b) 
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Table 8.3: Energy requirements for the production of different mineral com- 


modities 
Energy requirements, GJ/t COg emissions, tCO9/t 
Metal Mining Source Smelt. Source Whole Source Sec. Source Prim. Source Sec. Source 
& & Re- pro- Prod. Prod. Prod. 
Benef. fin. cess 
Gypsum 0.202 Assumed as 
Limestone (IPPC, 
2001) 
Tndium 2,875 (Botero, 2000) 
Tron T (Botero, 2000) 19.2 (Grimes et al., 23 (Norgate et al., 11.7 (Grimes 1.67 (Grimes 0.7 (Grimes 
2008) 2007) et al., et al., et al., 
2008) 2008) 2008) 
0.36 (DEUK, 1983) 27.2 (DEUK, 1983) 18 (IPPC, 2009) 5.9 (IPPC, 2.6 (Norgate 
2009) et al., 
2007) 
2 (Boustead and 27.8 (Boustead and 
Hancock, 1979) Hancock, 1979) 
0.64 (Batelle- 28.8 (Batelle- 
Columbus- Columbus- 
Laboratories, Laboratories, 
1975) 1975) 
Lanthanum 285.6 - (Koltun and 35.3 (Koltun 
428.6 Tharumarajah, - and 
2008) 44.0 Tharu- 
marajah, 
2008) 
Lead 0.89 (Glassen et al, 3.28 C(IPPG, 2002) 20 (Norgate et al., 2.1 (Norgate 
2007) 2007) et al., 
2007) 
14 (Barkas, 2009) 1.4 (Fthenakis 
et al., 
2007) 
10 (Grimes et al., 0.13 (Grimes 1.63 (Grimes 0.015 (Grimes 
2008) et al., et al., et al., 
2008) 2008) 2008) 
Lime 0.36 (DOB, 2001) 5.76 (PPG, 2001) 
Lithium 12.5 (Botero, 2000) 420 (Botero, 2000) 432.5 (Kellogg, 1977) 
Magnesium 46.8- (IPPC, 2009) 
(from 50.4 
dolomite) 
Magnesium 406.8- (Hancock, 1984; 
(from 467.7 Yoshiki- 
seawa- Gravelsins et al., 
ter) 1993) 
Manganese (FeMn) 9.10B-  (Batelle- 57.3 (Batelle- 
04 Columbus- Columbus- 
Laboratories, Laboratories, 
1975) 1975) 
0.16 Adelhardt and 28.5 Adelhardt and 
Saiger (1999) Saiger (1999) 
Manganese (Mn) 41.4 Morral etal. 
(1985) 
15.5 Hancock (1984) 
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Table 8.3: Energy requirements for the production of different mineral com- 


modities 


Energy requirements, GJ/t 


COg emissions, tCO9/t 


Metal Mining Source Smelt. Source Whole Source Sec. Source Prim. Source Sec. Source 
& & Re- pro- Prod. Prod. Prod. 
Benef. fin. cess 
Mercury 157 (Chapman and 252 (Chapman and 
Roberts, 1983) Roberts, 1983) 
Molybdenum 136 (Chapman and 12 (Chapman and 
Roberts, 1983) Roberts, 1983) 
Neodymium 523.2 - (Koltun and 67.2- (Koltun 
780.0 Tharumarajah, 87.4 and 
2008) Tharu- 
marajah, 
2008) 
Nickel (average value) 27 (Barkas, 2009) 244 (Barkas, 2009) T50- (Barkas, 2009) 26.6 (Barkas, 
750 2009) 
114- (Norgate et al., 11.4 (Norgate 
194 2007) - et al., 
16.1 2007) 
20.64 Grimes et al. 1.86 Grimes 2.12 Grimes 0.22 Grimes 
(2008) et al. et al. et al. 
(2008) (2008) (2008) 
Nickel laterites 1,720  (Norgate and Ja- 25 - (Mudd, 
(1.5% Nihanshahi, 2011) 46 2010a) 
6.3 (Chapman and 340 - (Chapman and 252 (Mudd, 2010a) 
Roberts, 1983) 800 Roberts, 1983) - 
572 
Nickel sulphides 42-85 (IPPC, 2009) 100 (Mudd, 2010a) 10 (Mudd, 
2010a) 
67 (Chapman and 100- (Chapman and 285.6 Hancock (1984) 
Roberts, 1983) 200 Roberts, 1983) 
PGM 175,000 (Mudd, 2007b; 23,451 (Saurat, 
Glaister and 2006) 
Mudd, 2010) 
39,400 (Mudd, 
2007b; 
Glaister 
and 
Mudd, 
2010) 
Phosphate 0.29 (Botero, 2000) 5 (Botero, 2000) 
rock 
(Ap- 
atite) 
Potassium 3.071 (Botero, 2000) 
(Sylvite) 
Praseodymium 285.9 - (Koltun and 36.2 (Koltun 
430.1 Tharumarajah, - and 
2008) 44.8 Tharu- 
marajah, 
2008) 
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Table 8.3: Energy requirements for the production of different mineral com- 


modities 


Energy requirements, GJ/t 


COg emissions, tCO9/t 


Metal Mining Source Smelt. Source Whole Source Sec. Source Prim. Source Sec. Source 
& & Re- pro- Prod. Prod. Prod. 
Benef. fin. cess 
REO 1.02E+01(Koltun and 280.8 (Koltun and 37.2 (Koltun 
Tharumarajah, Tharumarajah, 2 and 
2008) 416.0 2008) 45.6 Tharu- 
marajah, 
2008) 
27.1 (Bouorakima, 6.45 Bouorakima 
2011) (2011) 
Rhenium 156 (Botero, 2000) 15 (Botero, 2000) 
REE 10.2 (Botero, 2000) 374 (Botero, 2000) 
(Bast- 
nae- 
site) 
Silver 1,281 (Kellogg, 1977; 284.76 (Kellogg, 1977; 1582 (Kellogg, 1977) 
Kennecott Utah Kennecott Utah 
Copper, 2006c) Copper, 2006c) 
Silver 1281.42 (Botero, 2000) 284.76 (Botero, 2000) 
(Ar- 
gen- 
tite) 
Tantalum 1,375 (Botero, 2000) 
Tantalum 3,083 (Glassen et al, S.1 (Glassen et al, 
2007) 2007) 
Tin 157.3 (Chapman and 19.6 (Chapman and 
(alluvial)-Roberts, 1983) (allu- Roberts, 1983) 
187.5(vein) vial) - 
127 
(vein) 
18.2 (Grimes et al., 200 (Grimes et al., 0.2 (Grimes 2.18 (Grimes 0.03 (Grimes 
2008) 2008) et al., et al., et al., 
2008) 2008) 2008) 
15.2 (Richter et al., 11.4 (Richter et al., 
1996) 1996) 
Titanium 361 (Norgate et al., 
2007) 
361 (Norgate et al., 35.7 (Norgate 
2007) et al., 
2007) 
23 (Bravard et al., 687 (Bravard et al., 
1972) 1972) 
Titanium (TiO9) 406.8 Yoshiki- 
Gravelsins et al. 
(1993) 
430 (Batelle- 
Columbus- 
Laboratories, 
1975) 
Vanadium 136 (Botero, 2000) B81 (Botero, 2000) B17 (Kellogg, 1977) 
Wolfram 213 (Chapman and 144 (Chapman and 369.2 (Kellogg, 1977) 


Roberts, 1983) 


Roberts, 1983) 
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Table 8.3: Energy requirements for the production of different mineral com- 


modities 


Energy requirements, GJ/t 


COg emissions, tCO9/t 


Metal Mining Source Smelt. Source Whole Source Sec. Source Prim. Source Sec. Source 
& & Re- pro- Prod. Prod. Prod. 
Benef. fin. cess 
Yttrium 1,007.3 (Koltun and 129.9 - (Koltun 
- Tharumarajah, 154.9 and 
1,498.9 2008) Tharu- 
mara- 
jah, 
2008) 
Zine 1.49 (PPG, 2002) 40.4 (IPPG, 2002) 25 (Barkas, 2009) 2.3 (Fthenakis 
et al., 
2007) 
48 (Norgate et al., 
2007) 
24 (Grimes et al., 18 (Grimes 2.36 (Grimes 1.4 (Grimes 
2008) et al., et al., et al., 
2008) 2008) 2008) 
Zirconium 738.5 (Botero, 2000) 633 (Botero, 2000) 1,372 (Kellogg, 1977) 


End of the table 


sppsaury fay fo hbunjpoyapy 


60% 


This page intentionally left blank 


PART 3 


Down the Rainbow: From Grave to Cradle 
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Chapter 9 


Thermodynamics of Mineral Resources 


9.1 Introduction 


This third part constitutes the core of the book. Its aim is to estimate the replace- 
ment costs of mineral deposits using exergy and related concepts. Consequently, the 
thermodynamic basis of the methodology is firstly explained and the reference base- 
line for the exergy calculations defined. The method is then systematically applied 
to the Earth’s mineral endowment and finally the obtained results are analysed and 
conclusions are drawn. 

Specifically, this chapter provides the thermodynamic tools for understanding 
the energy and entropic formation of minerals and the production of metals and 
other inorganic substances. The tools and equations for exergy and exergy cost 
assessment of minerals, fossil fuels and industrial products are shown. To fully follow 
the contents of this chapter, a minimum knowledge of Thermodynamics is required. 
The reader may wish to consult classical books of Thermodynamic fundamentals 
like those of Wark and Richards (1999),Moran and Shapiro (2008) or Pitzer (1995). 


9.2 Thermodynamic analysis of mineral formation and its 
industrial treatment 


This section gives a qualitative thermochemical vision of a) mineral formation: 
from the pure atomic element to the mined product and b) mineral treatment: 
from mining to the desired element through beneficiation, separation, smelting and 
refining processes. 

Starting with mineral formation, a deposit can be seen as a very infrequent 
aggregate of rocks whereby rocks are aggregates of minerals and these are aggregates 
of certain molecular substances, which are composed by aggregates of atoms. This 
definition can be summarised as in Eq. (9.1). 


Deposit =) rocks = 3) > minerals = 


OY molecules = YY atoms (9.1) 
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Each aggregate is characterised by two different properties: a cohesion (binding) 
energy, represented by its formation enthalpy and a formation entropy or an entropy 
of mixing. The four stages implicated in the formation of the mineral deposit are 
outlined as follows: 


Stage I: Molecular formation: © Atoms (g) + Molecule (g)+ AH, 
AS 

Stage II: Solidification: Molecule (g) — Molecule (s)+ AH, AS 

Stage III: Mineralisation and rock formation: Solid 1 + Solid 2 > 
Mineral+ AH, AS 

Stage IV: Deposit formation: % Mineral + Rocks + Mineral deposit 
+ AH, AS 


Once the deposit is mined, the process reverts. The mineral must be separated 
from its gangue and concentrated. Then it is smelted and refined. These processes 
consist of a number of physicochemical separations plus a series of chemical and/or 
electrochemical reactions: 


Stage Va: Mining: % Mineral deposit + Mineral + Rocks (gangue)+ 
AH, AS 

Stage Vb: _Beneficiation: % diluted Mineral + concentrated Mineral 
+ AH, AS 

Stage VIa: Mineral smelting (chemical reduction): % concentrated Mi- 
neral + impure Metal + AH, AS 

Stage VIb: Metal separation and refining (electrochemical and separa- 
tion processes): % impure Metal + Metal + impurities + 
AH, AS 


9.2.1 Stage I: molecular formation 


The energy required to form one mole of a compound from its elements (at 1 bar 
and 298.15 K) is specified by its formation enthalpy. 

So, the formation of hydrogen fluoride, for instance, requires 563 kJ/mol, which 
is the amount of energy released when a mole of HF is formed from its already 
dissociated gaseous atoms: 


H(g)+ F(g) > HF(g) -563 kJ/mol 


This enthalpy allows for the measurement of the energy needed for atomic sep- 
aration. As can be seen from the following example, the bond H — F is more stable 
than the corresponding H — H or F — F bonds. 


2H(g) + H2(g) -436 kJ/mol 
2F'(g) > F(g) -153 kJ/mol 
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The standard enthalpies of formation for many molecules are tabulated. Using 
these data and applying the well-known Hess Law it is possible to obtain the stan- 
dard enthalpy for any reaction as the difference between the formation enthalpies 
of products and reactants. 

A parallel analysis is applied to formation and reaction entropies. The Third 
Law of Thermodynamics, allows for the entropy calculation of absolute values for 
substances. These are tabulated and referred to as standard molar entropies. From 
such data it is possible to obtain the entropy change for any reaction as the difference 
between the standard molar entropy of products and reactants. 

The relationship AG = AH — TAS can be used to tabulate the standard molar 
free energies of formation AG}. Typical values for AH? and AG range from - 
200 kJ/mol to -2000 kJ/mol! and are of the same order of magnitude and have the 
same sign (see Pauling (1947) or Perry and Green (1984)). For instance: 


CaO(s), AH? = —636 kJ/molAGY = —604 kJ/mol, 
MgO, AH? = —602 kJ/molAG} = —570 kJ/mol, 
a — SiOz(s), AH? = —912 kJ/mol and AG} = —857 kJ/mol, 


AlzO3, AH? = —1,667 kJ/molAG¥ = —1,583 kJ/mol, 


9.2.2 Stage II: solidification 


In mineral formation, the change of phase from a gas to a solid does not consume as 
much energy as the formation of a molecular species from its elements. At constant 
temperature the variation of entropy is simply AH/T and the Gibbs free energy 
remains the same. 

It is not easy to obtain data on sublimation enthalpies or entropies, since the solid 
compound often decomposes before evaporating. In many cases only the enthalpy 
and fusion temperature at atmospheric pressure are known. Vaporisation (1 > s) 
and sublimation (s — g) enthalpies are commonly greater than those of fusion 
(s > 1) and typically range from 10 kJ/mol to 100 kJ/mol, i.e. one or two orders 
of magnitude below the compound’s formation enthalpy. 

For instance, the standard formation enthalpy of water is -241.6 kJ/mol, whereas 
its vaporisation enthalpy at 100°C is -40.7 kJ/mol. 

The natural process of mineral formation almost exclusively progresses to the 
solid phase. Therefore tabulated values for the majority of minerals comprise of 
the direct formation to the solid phase. It is also common to modify them when 
standard conditions are not the appropriate ones to describe the energy changes 
occurring in mineral geochemical processes. 


1A negative sign means that its formation reaction is exothermic. 
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9.2.3 Stage II: mineralisation and rock formation 


The third stage is subdivided into two processes: mineralisation and rock forma- 
tion. The former is a chemical process in which the molecules combine to form the 
mineral. The energy involved in such processes is quite variable but in general lower 
than the formation enthalpies of their corresponding oxides. 

A typical reaction for this stage would be: 


CaO(s) + SiO2(s) + CaSiO3, AH® = —88.8 kJ/mol 


This stage also includes the processes of solid phase transitions, where the en- 
thalpies of phase change are within the range of 0.5 J/mol and the associated Gibbs 
free energies are zero. 

A rock is seldom formed as a conglomerate of pure minerals. There often occurs 
crystalline defects and composition variations, especially in silicates. The final solid 
solution becomes an impure crystal with ions similar in size and electronegativity, 
replacing and randomly occupying positions in the structure. For example OH 
substitutes F~ in amphiboles, micas and gypsum.This also occurs with Mg?* re 
placing Ca?* in carbonates. The energy involved in the solid formation process of 
a mineral containing dopant irregular ions is considerably less than if it were 100% 
pure. Obviously, at the same time its entropy is higher, as discussed below. How- 
ever, this entropic generation is much smaller than that for the thermal exchanges 
associated with the formation of the compound, increases in temperature generally 
or phase changes. 


9.2.4 Stage IV: formation of a mineral deposit 


Mineral deposits are characterised by concentrated mineral ores mixed with other 
rocks found in the Earth’s crust. From a thermodynamic point of view the cohesion 
energy between the ores and the rocks is equal to that needed to separate them, i.e. 
comminution exergy (see Sec. 9.5.2.3). 

The Earth’s crust is the result of solidification of the lighter components of 
magma. Its basement rock is made up of mixtures of very old granite, gneiss, 
schist, sedimentary and volcanic rocks between 10 to 70 km thick (Pidwirny, 2011). 
The majority of solid planetary materials can be classified as ceramics with silicates 
present in most rocks. Silicates are brittle with large lattice resistances (Spray, 
2010), however tectonic compression and meteorisation naturally comminute them 
into greater ductile mixtures and generate cohesion forces. Such forces among solids 
highly depend on the mineral deposit and can range from hydrogen, hydration, 
ionic and covalent bonds. The energy required to break any of these is several 
orders of magnitude lower than the mineral formation enthalpy as explained below 
in Sec. 9.5.2.3. 
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9.2.5 Stage Va and Vb: mining and beneficiation 


Mining and beneficiation operations were already described in Part II of this book. 
They consist of a series of mechanical processes followed by physico-chemical treat- 
ments with the aim of separating the mineral from gangue and concentrating it. 

Blasting, crushing and grinding are mechanical comminution operations. They 
are described in Sec. 9.5.2.3 and in Valero and Valero D. (2012b). Only in the case 
of perfect crystals and pure materials, would the binding energy coincide with its 
formation enthalpy but as all materials contain imperfections, their cohesion energy 
weakens. In fact, the comminution process separates particles which already contain 
cracks and faults, not molecules in perfect crystals. 

Separation is highly irreversible and therefore the related industrial processes 
require chemical solvents and important amounts of direct and/or indirect energy 
as explained below in Sec. 9.3.1. Hydrometallurgical processes provide an example 
of where strong acids or bases are used to selectively separate material from its 
burden rock. 


9.2.6 Stage VIa and VIb: smelting and refining 


Smelting and refining is the set of chemical processes needed to separate, concen- 
trate, reduce and purify the metal from its previously benefited ore. 

A generic metallic mineral is commonly found in its most stable oxidation state 
in form of oxides, silicates or sulphides. Therefore, the key process in this stage 
consists of reducing the metal to a zero oxidation state, at the expense of some other 
element that becomes oxidised. This process is explained in detail in Sec. 9.4.3.1. 

Smelting and refining are quite energy intensive. They involve chemical sep- 
arations and redox reactions which are large consumers of chemical reactives and 
energy resources, both thermal and electrical in nature with significant environmen- 
tal impacts. 


9.3. Entropic analysis 


It is now important to understand how the Second Law plays a key role in the 
chemical processes involved in the natural formation of minerals and the industrial 
operations of isolation, reduction and purification. Entropic analysis has many 
explanation capacities in mining and related issues. A classical view of entropy 
of mixing addresses the energy involved in separation processes as well as that 
needed to mine ever declining ore grades. This entropic vision opens the way to 
understanding the exponential nature of mining activities, relating energy with 
concentration. It also gives insight into the problem of scarcity. This is explained 
in the first part of this section. 

Furthermore, entropy is strongly linked to probability and information. As 
such, the second part adds a statistical explanation of entropy that permits the 
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interpretation of the mixing of ions, atoms or molecules in a solid solution, thereby 
demonstrating the relationship between entropy and probability. 


9.3.1 Entropy of mixing, pollution, separation and purification 


Mixing is one of the most common and yet one of the most irreversible processes that 
exist. Any contaminating process is one of mixing. The cost to return everything to 
the initial state and recover individual substances does not hold a linear relationship 
with purity grade but instead requires an added exergy input which is several times 
greater in order of magnitude than the amount of exergy that was destroyed upon 
mixing (Naredo and Valero, 1999). 

Whilst the most common thermal, chemical, electrochemical and metallurgical 
processes can have a wide range of efficiency (oscillating between 1-90%, as was 
seen in Chap. 8), those relating to separation are typically various orders of mag- 
nitude lower than their minimum thermodynamic value. Indeed for the separation 
of a mixture, which is in reality a decontamination process, only the microscopic 
organisms such as bacteria and fungi can ever hope to achieve a notable level of 
success. It is this contamination/purification or mixing/separation that holds great 
importance for one of the underlying messages of the book and which subsequently 
should be analysed. 

The general expression of entropy change of an ideal gas is: 


2, feat dP 
AS / reer / p (9.2) 


C, depends on temperature, with generic polynomial expressions like Cp? = 
a+bT'+cT?+.... Only in the case of a perfect gas is C, constant and equal to 7/2R 
if it is diatomic. Therefore, for diatomic gases and for the same percentage change, 


entropy is approximately 7/2 times more sensitive to thermal effects than to pressure 
ones. Generally, entropy is highly sensitive to thermal effects, whereas increased 
pressure has minor negative influence. Mixing processes are usually isothermal and 
isobaric, in such case the partial pressure of each gas decreases in proportion to 
their molar fraction. 

Therefore, the entropy generated in a mixing process of two ideal gases, A and 
B, with n, and ng referring to the number of respective moles is expressed in 
Eq. (9.3). 


w1P dp teP gp 
S,=S,4+5 9B = —naR —-n rf — 
g g,A g,B A 7 P B = P (9.3) 


= —R{[nalnz, + nglnaxz] 


with molar fractions 74 = n4/(n4 +ng) and wg = ng/(n4+ ng), and 4 = 
(1— ap). 
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Then, the entropy generation per mole of constituents becomes: 


S S 
c= le 72 — Rixalna,+ (1 —aa,)in(1 - x,)] (9.4) 
na t+nB 
and in general, 
2 
c= -R» xjlnx; (9.5) 
i=1 


As a; is always less than unity, o is always positive. This equation can also 
be extended to ideal liquid and solid mixtures, whereby a is the minimum entropy 
generation of mixing. 

Furthermore, the Gouy-Stodola theorem relates the destruction of exergy (irre- 
versibility) in a process, denoted J, with entropy generation, o, through I = Too, 
leading to: 

2 
I=Too = -R»~ xjlna; (9.6) 
i=1 
with Tp representing environment temperature. 

If I is plotted against x, one observes a symmetric curve with a maximum of 
x = 1/2, which in turn corresponds to maximum irreversibility of Ima = RToln2, 
whereby the value drops to zero upon reaching absolute purity, «4 = 1 (Fig. 9.1). 


I 


0 X4—> 1 
1 ——— <BR 0 


Fig. 9.1 Irreversibility as a function of concentration in a mixture of two substances Eq. (9.6). 
The curve gradient for Eq. (9.6) represents the increase in irreversibility upon 


decreasing the concentration of one component and increasing in the same level of 
magnitude the other. This corresponds to the minimum amount of thermodynamic 
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work (exergy) for a given amount of component A which must be expended in the 
separation process. 


ue —RTp [Inz4 — In(1 — x 4)] (9.7) 
dx 4 

whereby the solution to the equation falls to zero when x4 = 1— «4, that is to say 
when the level of mixing is 50%. It reaches —oo when x4 — 0. 

As such, Eq. (9.6) expresses that the minimum effort required to separate two 
blended ideal gases at a 50/50 mix is zero but as one tries to isolate them further, 
more work has to be done. As one arrives to absolute purity the quantity of work 
required becomes infinite. In other words, to pass from 50-51% purity does in no 
way entail the same amount of work required to go from 90-91%. In effect, the input 
of resources follows an exponential law that means that the work involved to purify 
from 90-91% is less than that needed to go from 99.0 to 99.1 and substantially lower 
than that required to push towards a purity of 99.90 to 99.91 and so on. Worse still, 
if the mixture had constituted more than two substances then the expression would 
have been identical but the summation extended to the total number of substances 
involved (Eq. (9.8)). 


i=l 


With its graphical form plotted as I against x;, for different values of 7, the form 
is identical in appearance, albeit becoming steadily more elongated as n increases 
(Fig. 9.2). This effectively means that the effort of separation escalates as one 
moves closer towards absolute purity. Moreover, when mixing does not involve 
ideal substances, as in any real process, the irreversibility values are considerably 
larger. 

Finally, this analysis provides an accurate depiction of the metaphorical sense 
of the word “entropy” that is often applied by practitioners outside of the thermo- 
dynamic realm. In effect, it facilitates the connection between generated entropy, 
exergy and exergy cost (or embodied exergy). The difference between the latter 
two is the sum of irreversibilities that occurred in the material’s production. A low 
entropic material means a product with a low entropic content and/or whose manu- 
facture generated limited amounts of entropy. This is the case of natural materials 
at their early stages of production. On the contrary, a highly entropic material 
entails a large irreversibility in its manufacture, use and/or disposal and has a large 
embodied exergy. The Gouy-Stodola theorem facilitates such an explanation since 
it relates irreversibility or the loss of quality energy in a process with the entropy 
generated alongside it. Any material is thus indissolubly linked with its production 
process. 
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Xi 


Fig. 9.2 Irreversibility as a function of concentration in a mixture of n substances (Eq. (9.8)) 


9.3.2. Entropy, probability and information 


The relationship between entropy and probability is now worth analysing, since it 
allows for the understanding of many natural facts including those occurring with 
mineral resources as will be seen in Sec. 9.4. At the outset this relationship might 
not be evident, at least when performing empirical quantifications of formation 
and reaction entropies. Such values are calculated from calorimetric data and are 
essentially obtained by experimentally determining the heat capacities as a function 
of temperatures and then integrating expressions like: 


T 
S = 5) +f OD) ap (9.9) 
0 T 

The calculated values enlighten little as to the meaning of entropy as a form 
of disorder. However, there are cases where it is easy to relate the increase of 
probability with entropy generation. This is the case for the replacement of some 
ions, atoms or molecules with others in a crystalline structure. In such a case, 
there is a solid phase mixing where entropy is created whilst at the same time, 
disorder appears to be evident. The statistical analysis of this phenomenon permits 
interpretation of the relationship between entropy and probability and subsequently 
information. 

Suppose that there are N; and N2 molecules of two types that are fully ex- 
changeable without affecting the internal energy of the system (see Pitzer (1995)). 
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Assuming that in a crystal structure there exist Ni + N2 gaps which these molecules 
can fill, one can calculate the multiplicity of random distributions that may occur. 
Thus, the first molecule can occupy any of the Ni + N2 sites, while the second only 
has the option of (Ni + No — 1) empty sites, the third (Ny + No — 2) and so on. 
The total number of possibilities is (N, + N2)!. 

However, as the molecules are mutually replaceable, one must divide by N;!, 
that is the number of possible exchanges of molecules of the first class, and by Ne! 
for the second class. So the number of distinguishable arrangements for N; + No 
molecules will be: 


pid a ( 


Defining © as the expression klnP, one obtains: 
N, + Np)! 
+ =kinP = kin di + Na)! (9.11) 
(Ni! - No!) 


which vanishes if only one type of molecule exists since Nj = 0 and InN,!/N,! = 0. 
When JN is large enough, this factorial expression can be solved by using the 
Stirling approximation: 


InN! = NinN — N (9.12) 
so that & becomes: 
“=k (Ni + N2)in(N, + N2) a NilnN, bo NolnNo] — k’ [aylnay + xralnxg] (9.13) 


with k’ = k/(N1 + No) and molar fractions t= Ni/(M1 +N) and v2 = No/(M + 
Nz). Note that © coincides with the isobaric and isothermal entropy generation of 
the two ideal gases, AS"¢,,., when the constant k’ is equal to R = 8.314 J/molK. In 
the case of solid solutions the values of x2 for the replacing molecule are commonly 
very low resulting in very small values of entropy generation. 

Eq. (9.13) enables the identification of the relationship between entropy and 
disorder. The “evolution of systems towards their maximum possible entropy” is 
equivalent to “the reaching of their maximum disorder” subject to process con- 
straints, with this state being not only quantifiable (through entropy) but also the 
most probable. Order and organisation thus become synonyms for low entropy. 

Likewise, information can be linked to entropy. In fact, the probability of a 
given event occurring is the way used to measure information (Carter, 2011). As 
is well known, the basis of information technologies is the conversion of messages 
into bit sequences. A bit is a binary decision between two items and therefore its 
probability is 1/2. Simply explained, a sequence of the 8-bit (0 0 0 0 0 0 0 0) gives 
no information if only zeros can ever be expressed, whereas a sequence of (0 1 0 0 
1 10 1) can convey a message if each decision may be either 0 or 1. An “amount 
of information” can be linked to its “degree of randomness”. Therefore, information 
defined in terms of probability draws parallel to conventional entropy. In fact, 
it shares the same properties as entropy: it is never negative and is additive for 
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independent events (in this example, 8 bits corresponds to 8 independent events). 
Furthermore it is a continuous and monotonic function of probability. 

Given that the likelihood of two independent events is the product of their 
individual probabilities, it follows that information as a function must be of the 
entropic type: 


Info(pi) = —logn (pi) = —kln(p;) (9.14) 


where n is the base of the decision. 

In the case of a binary decision, the smallest amount of information, a bit, 
becomes —log2(2). Drawing a parallel, any ensemble of molecules in a given ther- 
modynamic state has a probability distribution, P = (p1,p2...p,) and hence its 
entropy is given by: 


S(P) =—-RY-— pilnp; (9.15) 
w=1 


The above formula (Eq. (9.15)) is Shannon’s entropy (Shannon, 1948) and ap- 
plies to thermodynamic systems (Eq. (9.5)) as well as to any set of events defined 
by a probability distribution. 


9.4 An entropic vision of mining and smelting 


The entropic concepts shown in the previous section can be used to describe the 
whole mining and metallurgical cycle, from exploration to exploitation through to 
smelting. The conventional energy perspective of the product life cycle looks at the 
amount of energy needed to manufacture a product from the cradle to the grave. 
However, with this approach, there is a lack of a sense of “evolution”, since it favours 
the idea that technology will increase efficiency forevermore. On the contrary, an 
entropic vision gives an evolving explanation in which any action in the future will 
require a greater amount of energy than it does at present. Such increase is in 
response to an inherent exponential behaviour which technological improvements 
will sooner or later be unable to offset. In what follows the different stages of 
mining and metallurgy described in Chap. 7 are explained from an entropic point 
of view. 


9.4.1 Mining exploration 


As stated throughout this book, the continental crust is not homogeneous, since it is 
neither liquid nor gaseous as can occur on other planets. Instead, the Earth contains 
enriched mineral deposits, which appear as “lumps” dotted around the crust. The 
probability, p;, of finding a relevant mineral accumulation (lump) is understood to 
lie somewhere between 0 and 1. The greater a mineral’s scarcity, the smaller this 
figure will be, although it will never fall below zero. 
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This can be mathematically expressed through Shannon’s entropy (Eq. (9.15)). 
In fact, the scarcer an element or mineral in the crust, the more difficult it is 
to find a commercially exploitable accumulation with the probability decreasing 
exponentially. That said, even if a mineral or element is rare, the peculiarities 
of mineralogenesis in a particular location could lead to concentrations which are 
either below or above the composition of the average crust. Specifically, this phe- 
nomenon depends on a given mineral’s capacity to form a natural concentration, 
which in turn is provoked from the various chemical or thermal inputs imparted 
by the planet’s internal heat or from the meteorisation caused by solar energy. 
In Shannon’s formula, geological and mining based knowledge plays an important 
part in heightening the probability of finding a commercial concentration of a given 
mineral. Pure guesswork corresponds to the greatest uncertainty in finding it. 


9.4.2 Mining exploitation: declining ore grades and scarcity 


As the Earth’s crust is a solid solution of mixed heterogeneous substances Eq. (9.8) 
applies. Should an element be scarce, x; will be very small and consequently the 
minimum thermodynamic value to separate it from the crust will be very high. 
This behaviour is exponential and ore grades observably decrease as mines become 
exhausted, thus constantly increasing the minimum energy required for their ex- 
ploitation. This is why the mining sector first picks the “low hanging fruits’, leaving 
the remainder for the future with the hope that technology will improve and offset 
costs. 

Indeed given the inefficiency of current technology, the actual energy cost is 
in reality several orders of magnitude higher than the thermodynamic minimum 
which can never be superseded. Even if technology for extracting current ore grades 
strongly improves in the future, the exponential character of the Second Law ex- 
pressed in Eq. (9.8) gives little hope to a reduction in energy costs, particularly 
when ore grades approach bare rock concentrations. Thus the absolute scarcity of 
an element or mineral found in the Earth’s crust can be interpreted from a ther- 
modynamic perspective. This is because and as happens in the case of exploration, 
technology can improve the extraction exergy costs but can never reduce the mi- 
nimum exergy required in their mining- tending to infinity as the substances in a 
mixture become increasingly dilute or numerous. 


9.4.3 Separation processes in beneficiation, smelting and refining 


As the mine steadily declines in grade, the ore must be subject to greater energy in- 
puts in the stages subsequent to mining before reaching an acceptable concentration. 
From a thermodynamic point of view, this refers to a set of physico-chemical pro- 
cesses, namely beneficiation, followed by chemical-metallurgical operations. The 
physical ones are pure separations, whilst those of a metallurgical nature are, in 
fact, a combination of separations and reductions followed by a series of chemical or 
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electrochemical redox reactions as was seen in Chap. 8. In any case, thermodynamic 
separations are always present. 

All the above point to the fact that a linear growth in purification requires an ex- 
ponential energy input, as was seen in Sec. 9.3. Furthermore, the technology used in 
separations is of various orders of magnitude greater than the minimum thermody- 
namic demand. If one combines the energy employed in physico-chemical separation 
with that required in the transport of materials and chemical transformation, the 
efficiencies experienced fall extraordinarily far from the minimum (exergy). 

A particular physical separation process is grinding, which consists of reducing 
particle size. This process consumes significant amounts of energy. This quantity 
can be indicated by Bond’s equation which relates the amount of energy needed 
in comminution with the material’s final particle size. Once again, the reader will 
see that a linear reduction in size leads to an exponential growth in energy input 
(Sec. 9.5.2.3). 

In summary, the principal objective of mining and metallurgy generally, is a sep- 
aration, concentration and isolation of substances extracted from the Earth, which 
are frequently found mixed together in an oxidised state. Such processes are subject 
to the exponential law of thermodynamic separation. Man’s technology, well, “his” 
imitation of Nature, is in addition so far removed from the thermodynamic mini- 
mum. And, of all the energy transformation processes, those involved in separation 
are, beyond doubt, the least efficient. For this reason, the embodied exergy and 
exergy values of whichever element chosen are so far apart. 

This entropic vision is, in fact, based on the Second Law. It is a fundamental law 
and is simply not a matter of market demand nor related with social lifestyles. Man’s 
technology cannot overcome it but society can decrease its velocity by decelerating 
mineral extraction. 


9.4.3.1 <A thermodynamic overview of smelting processes 


The Second Law’s power of explanation does not end in entropy. In fact the evo- 
lution of technology in smelting and refining processes is closely related to the way 
elements behave in redox reactions and the energy and temperatures involved. This 
section describes the thermodynamic behaviour of smelting and refining. 

As stated in Sec. 7.5, the vast majority of processes are classified into those that 
use heat (pyrometallurgical route), those which use selective solving (hydrometal- 
lurgical route) or those that use electricity (electrolytic route). Few processes use 
only one route and most use them in combination. Refining processes are usually 
electrolytic (electro-winning) in nature, regardless of which of the routes were pre- 
viously followed. 

The aim of smelting is to overcome the thermodynamic and kinetic barriers 
present in a given operation, involving the lowest amount of energy, economic and 
environmental costs possible, according to the ore composition and concentration 
and the chemical behaviour of the required metal(s) which in turn determines the 
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separation strategy. In any case, the total energy consumption is always equal to the 
quantity of fuel(s) and electricity required to complete the process. As the energy 
content of fuels practically coincides with its exergy and as electricity is really a 
form of pure exergy, thinking in exergy terms does not require additional effort. 

Smelting’s highest exergy expenditure usually occurs in the metal reducing pro- 
cess. The chemical exergy of a substance is related to its Gibbs function at To; 
however, redox processes rarely take place at an appropriate speed when done at 
ambient temperature and therefore, the metal reducing process needs to be per- 
formed at high temperatures. It must also be thermally insulated from its sur- 
roundings, in order to avoid external disturbances. All in all, the temperature of 
the vessel must be sufficient enough to ensure that the driving force of a reduction 
process overcomes its activation barrier. In a reactor isolated from its surroundings, 
the Second Law states that the driving force behind whether or not a reaction is 
to take place is the Gibbs function variation, AG. If AG is negative, any reactants 
will be converted into products and vice versa, whilst equilibrium is reached when 
AG is equal to zero. A comprehensive overview of this phenomenon is given by the 
Ellingham diagram (Fig. 9.3) (Ellingham, 1944). It is used to depict AG of any 
metal reaction (albeit mainly oxidation processes) versus temperature. 

To understand this diagram? consider the following oxidation reaction: Me + 
Oz — MeO. where an enthalpy AH is exchanged and an entropy AS is generated. 
If the process is exothermic, AH is negative, as usually occurs in oxidation processes. 
Yet if the process were endothermic, AH would be positive. Furthermore, in the 
typical temperature range of smelting processes, the metal and its oxide are in a 
condensed state and the oxidation process captures oxygen gas. Disorder therefore 
largely decreases and AS is negative. It is observed that in the oxidation process 
both AH and AS remain virtually constant with temperature. Therefore, the 
reaction’s Gibbs free energy variation takes the form AG = AH — TAS and is a 
linear function of temperature. 

In the Ellingham diagram AG is represented by a straight line. This line changes 
in gradient when the metal and/or the oxide either melts or vaporises. The intercept 
of this line with the ordinate at T = 0 K, provides the reaction enthalpy, while -AS 
corresponds to its positive gradient. The lower the temperature, the more negative 
AG causing oxidation to become a more favourable process. On the contrary, the 
stability of metallic oxides decreases with an increase in temperature. At sufficiently 
high temperature the sign of AG becomes positive and the oxide spontaneously 
reduces into its metal, liberating oxygen. This indicates why those metals appearing 
higher up the diagram such as Au or Cu are more stable at room temperature than 
those placed lower down such as Zn or Al. When comparing the stability of different 
oxides at a given temperature, the lower their position (lower AG’) the more stable 
they are. For instance MgO is more stable at 400°C than either Al2O3 or TiO2. 


2A more detailed description can be found in the interactive Ellingham diagram tutorial (Uni- 
versity of Cambridge, 2006), (Kawatra, 2010) and 
http : //en.wikipedia.org/wiki/Ellingham_ diagram. Accessed Nov. 2011. 
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Fig. 9.3 Standard Gibbs free energy of oxide formation as a function of temperature. Redrawn 


from Richardson and Jeffes (1948) and Draken and Gurry (1953) 
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The Ellingham diagram also gives insight to the possible reduction processes 
that can take place. A metallo-thermic reduction consists of reducing a metal at the 
expense of oxidising another. Suppose the following two reactions Me+O2z > MeO 2 
and 2Me’O + 2Me'+Oz or the equivalent reaction: Me+2Me'O = 2Me’+MeOQOg. 

The total enthalpy and entropy changes for a given reaction temperature T' are 
expressed as: AH;o; = AH—AH", and AS;,.; = AS— AS’. The composite lines can 
easily be drawn and the same behaviour for the composite AHj,¢ and AG; holds. 
If AGtoe is negative, the reaction is spontaneous towards the formation of Me’, 
while if it is positive the spontaneous process is reversed and reaches equilibrium at 
a temperature such that AG;,; vanishes. This allows for a comprehensive analysis 
of 1) which processes are the most suitable; 2) at which temperatures the metallo- 
thermic reduction can occur and; 3) what the corresponding energy exchange is 
expected to be. In this way one can be sure that those metals found lower down 
in the Ellingham diagram can reduce the metallic oxides found above. The greater 
the gap between any two lines, the more spontaneous the process. For instance, 
aluminium is used to reduce chromium or manganese oxides into their corresponding 
metals. The diagram also provides the equilibrium temperature between the two 
metals in a closed system at the point where the two lines cross. 

Likewise, it is possible to analyse the parallel case of the carbothermic reduction 
which occurs when coke reacts with a metal oxide to form metal and carbon dioxide. 
However neither the formation entropy of carbon dioxide nor its enthalpy vary with 
temperature. This reaction is thus represented as a straight line with zero slope. 
Carbon monoxide formation by contrast C+ 202 — 2CO has a negative gradient. 
This means that as temperature increases, its reducing capacity is enhanced. For 
instance, Fe2O3 is reduced by carbon monoxide in a blast furnace operating at 
T>1020 K in the presence of carbon (where AG becomes negative) according to 
the reactions: 


C+ Oz = CO2; C+ CO» — 2C0O and Fe,03 + 3C0 > 3Fe+ 3CO2 
or the composite reaction 
2Fe2.03 + 3C — 4F'e+ 3CO2 


Another important application of the Ellingham diagram is the effect of the 
partial pressure of oxygen, po, in the metallic reduction. In fact, it is easy to 
demonstrate that for any reaction: 


AG = —RTInK,y (9.16) 


where K,, is the equilibrium constant of the reaction at a given temperature. 

For the case of a metallic reduction where both the metal and its oxide are in 
condensed form, K, = 1/po, or AG = RTinpo,. This leads to the calculation of 
oxygen’s equilibrium partial pressure at any point on the oxide line. If, for a given 
temperature, the oxygen partial pressure in the vessel is greater than its equilibrium 
value, the metal will be oxidised, if it is lower the oxide will be reduced. 
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Richardson and Jeffes (1948) improved the Ellingham diagram by adding a pres- 
sure scale. This facilitates the finding of the partial pressure of oxygen on an oxide 
line at a given temperature by drawing a line between this point and the graph’s 
origin at T = 0 and AG = 0. Then, if one extends this line to the scale labelled 
“po,” as shown on the right hand side, one is able to obtain oxygen’s partial pres- 
sure at equilibrium. This in turn leads to the control of reduction processes since 
this pressure can be decreased either in vacuum conditions, in an inert atmosphere 
such as argon, or with a chemical reactant that traps oxygen. 

Likewise, it is possible to add another nomographic scale in order to obtain the 
minimum ratio, CO/COz, able to reduce a given oxide. This procedure is similar to 
the oxygen scale but now, the line must be drawn between point “C” of the diagram 
and that which defines the temperature where a given metal oxide is to be reduced. 
The scale is labelled “CO/COz ratio”. This ratio increases as the metal becomes 
harder to reduce. 

Water decomposition can also be represented on the diagram providing the equi- 
librium pressure H2/H»2O ratio for a given metal oxide. Now the line needs to start 
at point “H” and connect with that which defines the temperature where a given 
metal oxide is to be reduced. 

The Ellingham diagram can also represent the variation of the Gibbs function 
with temperature for other conversion processes such as the calcination of metal 
sulphides. The idea behind the Ellingham diagram may also be extended to other 
processes including chlorination or for atmospheres with varied gas mixtures. There- 
fore, it constitutes a key tool in the understanding of the chemistry and thermody- 
namics of all smelting processes, particularly in pyrometallurgy. For further reading, 
see for instance Greenwood and Earnshaw (1984). 


9.4.3.2 A thermodynamic overview of hydro- and electrometallurgy 


As described in Chap. 8, hydrometallurgy separates metal cations from leached 
solutions. This can be done via direct oxidation (for instance CuS with Fe?*) or 
reduction (MnO 2 with SO) of the metal in aqueous solution or with the addition 
of acids (such as for ZnO) or bases (for Alj2O3). Meanwhile, electrometallurgy, 
recovers metals via electrolysis, either in an aqueous solution or in a molten salt 
acting as an electrolyte. In both cases, a redox process takes place in which the 
oxidised (Ox) species gains electrons at the expense of the reduced (Red) one. The 
redox reaction, either in an aqueous solution or in an electrolytic cell can be written 
as: 


Ox+n-e —+ Red+ AG (9.17) 


The energy released in this electron exchange is due to the potential disparity 
between the species (i.e. their chemical potentials) and the difference between 
the chemical potential of products and reactants is AG. In a cell this maximum 
difference manifests itself as an electromotive force AE, measured in Volts, which 


270 Thanatia: The Destiny of the Earth’s Mineral Resources 


moves an electric current of g Coulombs until equilibrium is reached. 
W =qAE=—AG (9.18) 


Faraday’s constant relates the electric charge of 96,485 C’ for each mole of elec- 
trons and accordingly AG becomes: 


AG = -qFAE (9.19) 
or at standard conditions (T = 298k) 
AG® = —qFAE® (9.20) 


The negative sign in Eq. (9.20) is placed in the equation to make the overall 
solution positive, since the Gibbs free energy variation in a spontaneous reaction is 
negative whilst the potential AF is positive. 

Furthermore, thermodynamic analysis provides the relationship between AG 
and the concentration of reactant species [Ox] and [Red] through Eq. (9.21), with 
Q = [Red]/[Oz]. When equilibrium is reached, Q becomes the equilibrium constant 
of the reaction (,) and AG and subsequently AF vanish. Therefore, Eq. (9.21) 
becomes Eq. (9.22) and Eq. (9.23). 


AG = AG® — RTInQ (9.21) 
RT 2.303RT 
a O = ONES ie aes 
AB = AE) — ——InQ = AE (PF 810 @ (9.22) 
or 
AE = AF®— CO when T°? =298K (9.23) 
n 


The latter two equations bear the name of their discoverer Walther Nernst. They 
link the concentration and electric gradients in a redox reaction. They also deter- 
mine the relative electrode potential of any chemical species at any concentration 
and temperature. In fact, if the assigned standard hydrogen electrode potential 
AE® is 0.0000V, then it is possible to measure and tabulate any other standard 
redox potential. 

This standard hydrogen electrode is based on the reaction 2H*(aq)+2e— + H2 
and consists of a semi-cell in which bubbling hydrogen passes through an acid 
electrolyte at a Ht concentration of 1 mol/] at 1 bar and 298K. 

Thus a sample cell of Zinc/Hydrogen (represented in Eq. (9.24)), oxidises 
Zn(s) > Zn?*+ + 2e~ and reduces 2H*(aq) + 2e~ > Ho, with a cell potential 
of AE® = 0.76 V, thus assigning a standard redox potential of E° = 0.76 V to 
Zn/Zn?* oxidation. 


Zn(s) | Zn2+( aq, 1 M) || H+( aq, 1 M) | Ho (1 atm)(g) (9.24) 


The standard redox potentials are tabulated in Table D.1 in the Appendix. The 
difference between two such potentials permits the calculation of the cell potential 
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made up of the two corresponding electrodes. The species that oxidises presents the 
smaller potential and will thus be the anode, leaving the other species to reduce in 
the cathode. 


FE’. = Eo .q(cathode) — E®.,(anode) (9.25) 


T: 

Reaction kinetics depends on mass transfer mechanisms from the electrolyte to 
the electrode and vice versa, the adsorption process of reactant particles in the elec- 
trode interphase and the crystallographic structure of the electrode surface and its 
properties. The reaction is in no way reversible. In fact, there are associated overpo- 
tentials and resistance-related potential loss forcing an increase in both the voltage 
and current density to a greater extent than the minimum dictated by the Nernst 
equation. There is also the need to maintain an appropriate bath temperature as 
well as other ancillary operations. 

With this knowledge as a basis, one can begin to understand the electrometallur- 
gical processes as described throughout Chap. 8. These take place in an electrolyte 
bath where metal reduction occurs at the cathode which receives the electrons pro- 
vided by the oxidation process occurring at the anode. This is activated by a power 
supply that must overcome the potential difference between the two half-cell re- 
actions. The electrolyte must facilitate the migration of ions and may consist of 
a molten salt or of an aqueous solution. The choice between the two depends on 
the reduction potential of the metal to be obtained. For example, in the case of 
aluminum and magnesium, where their reduction potentials are lower than that of 
water, electrolytic winning requires molten salts to avoid the production of hydro- 
gen. 

According to Free et al. (2012), the cell voltage for metal reduction operations 
is commonly in the 2-4 Volt range for electrowinning and 0.2-0.4 Volts for electrore- 
fining with the energy cost in kWh/t of metal as follows: 
268001 Eceit 

Aw 
where Ee is the actual cell voltage including the sum of the reversible potentials of 
the anode and cathode plus all overpotentials and potential losses, n is the number 
of electrons per mole of metal being reduced, Ay is its atomic weight and ( is the 
current efficiency of the bath which expresses the amount of current effectively used 
in reducing the metal. 


E(kWh/t) = (9.26) 


Electrowinning is a very energy intensive process. Its electricity cost (pure exergy 
cost) is commonly greater than 1,500 kWh/t of reduced metal. There is therefore 
considerable room for improvement especially in the research of electrodic processes. 
In contrast, electrorefining used for obtaining high purity non-ferrous metals often 
needs less than 20% of that required for the electrowinning of the same metal. The 
reason for this is that the electrorefining process employs the same metal both in 
the cathode and the anode, thus eliminating their electrode potential difference. 
The anodic overvoltage also reduces. However the control of impurities may add 
further complexities and costs to this process. 
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Finally, hydrometallurgy also benefits from electrochemistry. In fact, a very 
helpful tool for understanding the nature of hydrometallurgy is the Pourbaix di- 
agram (also named Ey — pH diagram after its axes). It shows the relationship 
between the reduction potential and the pH in an aqueous electrochemical sys- 
tem and represents the thermodynamic equilibrium lines of a metal and its ions 
at a given temperature (commonly room temperature), in a similar fashion to the 
conventional phase diagram. As such, it allows for the prediction of the potential 
leaching behaviour of different metallic minerals and the possibility of metal ion 
precipitation of pregnant solutions. It does not however reflect the kinetics of the 
reaction. The diagram can also be used in combination for various metal systems 
in such a way that it illustrates at which pH conditions one can selectively precip- 
itate a given cation whilst leaving others in the leaching solution. This is the case 
for example of the selective precipitation of F'e,O3 at low pH in a mixed pregnant 
solution with ZnO. 

The Pourbaix diagram results from the plotting of all equilibrium lines corres- 
ponding to the various species that a given element may form such as a pure metal, 
ion or hydroxide. The lines themselves are drawn according to the Nernst Equation 
for the semi-cell system (Eq. (9.22)). A sample line may be obtained as in the case 
of iron oxidation in aqueous solution: 


Fe203 + 6H* — 2Fe?* + 3H2O E° =0.658 V 
Then 
Ey = E® + 0.0592/2 - log([Fe?*]”)/([H*]®) = 0.658 — 0.0592log(Fe?*) — 0.178pH 
If all molar concentrations’ are equal to ~ 10-6 M, Ey becomes: 
Ey = 1.013 — 0.178pH 


This line represents the stability region boundary of the ion Fe?* as a function 
of pH as shown in Fig. 9.4, where the dashed lines show the stability limits of water 
in the system. 

For those readers with a particular interest in the subject, the authors recom- 
mend Venkatachalam (1998) and Hayes (2003). 


9.5 The exergy of non-fuel mineral resources 


The Second Law through entropy and Gibbs free energy explain energy changes be- 
tween systems and their direction, the limits and the reaction affinity of substances 
in any given transformation. 

Yet both properties are relatively abstract, meaning that they can be difficult 
to appreciate outside the realm of natural science. A way to bridge across from the 


3 Although the Nernst equation rigorously applies to activities, for explanation purposes it is used 
for concentrations in aqueous solutions or partial pressures in gases, as they are approximately 
equal. 
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Fig. 9.4 Pourbaix Diagram for iron oxides in aqueous solution. Redrawn from Hayes (2003) 


natural scientist to a wider audience in the assessment of mineral resources is by 
using exergy instead. Like the others, it is derived from the Second Law. 

Yet whilst entropy and Gibbs free energy may describe energy changes between 
two opposing systems, exergy does so when one is fixed and defined. Such fixed 
and defined system is subsequently referred to as a reference environment (R.E) or 
surrounding environment and the potential for change of a thermodynamic system 
with respect to this R.E. is named exergy. 


9.5.1 General definition 


Technically, exergy (denoted by B) is defined as the maximum amount of work that 
may theoretically be performed by bringing a system into equilibrium with its sur- 
rounding environment by a sequence of reversible processes. Exergy analysis helps 
to pinpoint the irreversibilities throughout systems, thereby becoming a powerful 
tool for improving their efficiency. This leads to resource savings and fewer emis- 
sions and wastes entering the surrounding environment. Furthermore it can also be 
applied to the assessment of natural resources as is done in this book. 
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Exergy is the potential for change of a system whilst not in thermodynamic 
equilibrium with the reference environment (R.E.) that is to say at “dead state”. 
At dead state a system is at the temperature, pressure and concentration of its 
surroundings; it has no kinetic or potential energy and no reactions occur. The 
R.E. must be characterised by a set of intensive properties* such as temperature 
(To), pressure (po), concentration (29), chemical potential of the substances in the 
environment (jio;) or extensive ones such as specific volume (v9), entropy (so), and 
the number of moles of substance i in the environment (No;) plus height (zo) and 
velocity (Co). 

With respect to the R.E., all materials have a definable and calculable exergy 
content which is itself subject to the given material’s properties. Once the R.E. 
has been specified, a value can be assigned to exergy allowing it to become a pro- 
perty of the system. As an absolute R.E. does not exist, it is selected in function 
of the problem needed to be solved. Therefore, exergy is in no way an absolute 
property of matter, even if the system is in equilibrium with its intensive proper- 
ties already specified. It is an extensive property, with the same units as energy. 
Moreover, exergy cannot be negative? and unlike mass or energy, it is not con- 
served but destroyed by irreversibilities. Thus and worth reiterating, in all physical 
transformations of matter or energy, it is always exergy that is lost. 

The specific exergy of a system per unit of mass (b) is frequently defined as: 


b= (u— up) + po: (v— 0) — To (8 50) + 5(C?- 8) + g-(@—%) (9.27) 
bs a 


thermo-mechanical exergy netic exeray 


potential exergy 


where subindex 0 denotes the dead state. Accordingly, the specific exergy of a sys- 
tem is defined by a set of measurable parameters characterising its thermodynamic 
properties. In Eq. (9.27) these are: internal energy (u) temperature (T), pressure 
(p), specific volume (v), entropy (s), velocity C and altitude z. The exergy method 
associates each parameter with its corresponding exergy component, which in this 
case includes thermo-mechanical, kinetic and potential. Note that Eq. (9.27) only 
takes into account a few exergy components which although relevant in the ana- 
lysis of industrial systems, have limited application in the assessment of mineral 
resources. Indeed, other properties are far more appropriate, as explained in the 
next section. 


4Properties are considered to be intensive if they are independent of the size of the system 
(temperature, pressure, density ...) or extensive if their values depend on the size or extent of the 
system (mass, volume, total energy, etc.). 

5 As will be seen in Chap. 11 the chemical exergy of certain substances (especially anions dis- 
solved in seawater) is negative. This issue can be avoided by choosing an appropriate reference 
environment but such a task is not free of difficulties. 
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9.5.2 The exergy of non-fuel mineral resources 


When the system under analysis is a mineral resource, its temperature, pressure, 
velocity or height with respect to the reference environment does not inform about 
its inherent physical value. In fact, if only such properties were taken into account, 
a mineral would have zero exergy. In contrast, its physical value is rather associated 
with its specific composition, concentration and cohesion size, what makes it unique 
with respect to the surrounding environment and useful for society. 

Accordingly, total mineral exergy can be calculated as the sum of the following 
components: 


e Chemical exergy, the minimum theoretical work that should be spent in order 
to provide minerals with a specific composition from the reference environment 
(Eq. (9.29)). 

e Concentration exergy, the minimum theoretical work that should be spent in or- 
der to provide minerals at a specific concentration with respect to the dispersed 
state of Thanatia (Eq. (9.30)). 

e Comminution exergy, the minimum theoretical work to be spent in bringing the 
cohesion energy of the constituents in Thanatia to the mineral cohesion energy 
found in the mine (Eq. (9.31)). 


With knowledge of the above, the total exergy of mineral resources B;; can be 
then calculated using Eq. (9.28), where unit exergies are converted into absolutes, 
by multiplying them by the moles of the substance under consideration (n). 


Big = M+ beng ++ beg +i + Deomi (9.28) 


In the next subsections, each of the three components of mineral exergy are 
described. 


9.5.2.1 Chemical exergy and the reference environment 


The energy involved in the formation process of a given mineral comprises of the 
creation of the compound from its elements and the cohesion of the molecules to 
form the mineral’s crystal structure (stages I to III explained in Sec. 9.2). Such 
a process can be assessed with the mineral’s standard chemical exergy, which is 
equivalent to the minimum theoretical work needed to obtain the resource at a 
specific composition from the reference environment. 

Technically, chemical exergy expresses the exergy of a substance at ambient tem- 
perature and pressure. It is defined as the maximum work that can be obtained 
when the substance considered is brought in a reversible way to the state of re- 
ference substances (R.S.) in the reference environment. By definition this process 
must only use the heat and reference substances already contained in the R.E. Che- 
mical exergy, (be, ;), results from a conventional assumption of a standard ambient 
temperature and pressure and a standard concentration of reference substances in 
the natural environment. It can be calculated by means of the exergy balance of a 
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reversible formation reaction, as in Eq. (9.29). 


beng = AG fi + > V5 4 ben j (9.29) 
j 
where: 
AG;,; Gibbs free energy of substance 7 
145 amount of mole of element 7 per mole of substance % 
beh j standard chemical exergy of element j contained in substance 7. 


Hence, the chemical exergy of any compound can be calculated once its Gibbs 
free energy (usually tabulated) is known along with the standard chemical exergy 
of the elements that constitute it. The value of 6.» ; for each element is generated 
from a given reference environment. That proposed by Szargut (1989) (shown in 
Table 9.1) is one of the most accepted. 

However, thanks to geochemical updates this R.E. was slightly improved by the 
authors. The main amendments occur in the calculation of the solid reference sub- 
stances, for which the assumptions used in the Crepuscular Earth Model presented 
in Chap. 10 were employed. This is shown in detail in Valero D. (2008), which in 
turn stems from a common paper published in Szargut et al. (2005) and used in the 
“Exergoecology Portal’®. The results obtained are listed in Table 9.1. 

As can be seen from Table 9.1, the average variation between the Valero D. 
(2008) update and the original (Szargut, 1989) is around 0.66%. It is thus very 
small. Yet, small differences multiplied by large numbers, such as the quantity of 
all minerals on Earth, means that such discrepancies soon become very significant. 

That said, a conventional R.E. such as the one just presented, is only valid for the 
assessment of the chemical exergy component of minerals. As will be explained in 
Sec. 10.4, such a conception of R.E. is not sufficient for a complete exergy evaluation 
of mineral resources. The quest for an appropriate global R.E. is the first step in 
quantifying the exergy of any piece of matter in the geosphere (the crust, hydro 
and atmosphere), which in turn can be used to assess the level of abiotic resources 
extracted from it. As will be explained in Chap. 10 global R.E. have previously 
been proposed, in addition to Szargut (1989) by various other authors. However all 
pay little attention to geospheric resemblance, preferring to focus on thermodynamic 
coherence which effectively means choosing one and only one stable reference species 
per element. But the geosphere has more than one species per element, in fact it 
is full of inert, dispersed and almost chemically unexploitable rocks composed of 
a myriad of compounds, notably silicates. The problem is that both requisites 
cannot be met simultaneously. In this book, the authors have chosen to construct a 
baseline for exergy calculations founded on geospheric resemblance and it is this that 
the Crepuscular Earth Model depicts (details of which are described in Chap. 10). 
Consequently, it cannot be viewed as a conventional reference environment. In fact 
with respect to a given R.E., Thanatia has chemical exergy. 


6 The Exergoecology Portal is a platform promoted by CIRCE in Spain and the ITC in Poland and 
includes among others a chemical exergy calculator. See http//:www.exergoecology.com. Accessed 
Sep. 2013. 
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Table 9.1: Standard chemical exergies of elements (Valero D., 2008) 


Standard chemical exergy of elements, b,;,; (kJ/mole) 


Element Update Szargut Element Update Szargut 
(1989) (1989) 
Ag 69.7 70.2 N2 0.7 0.7 
Al 794.3 888.2 Na 336.6 336.6 
Ar 11.7 11.7 Nb 900.2 899.7 
As 494.1 494.6 Nd 969.8 970.1 
Au 51.5 50.5 Ne 27.2 27.2 
B 628.6 628.5 Ni 232.5 232.7 
Ba 765.5 775.1 O2 4.0 4.0 
Be 602.6 604.4 Os 370.8 368.1 
Bi 274.8 274.5 oe 861.6 861.4 
Bro 101.1 101.2 Pb 232.2 232.8 
Cc 410.3 410.3 Pd 145.7 138.6 
Ca 723.8 729.1 Pr 963.8 963.8 
Cd 293.2 293.8 Pt 146.5 141.0 
Ce 1054.2 1054.6 Pu 1099.7 1100.0 
Cle 124.2 123.6 Ra 825.8 823.9 
Co 308.9 312.0 Rb 388.8 388.6 
Cr 584.4 584.3 Re 561.3 559.5 
Cs 404.5 404.4 Rh 183.0 179.7 
Cu 134.0 134.2 Ru 315.2 318.6 
Dy 974.9 975.9 S 607.3 609.6 
Er 973.0 972.8 Sb 437.1 438.0 
Eu 1003.9 1003.8 Sc 923.8 925.2 
Fo 556.1 504.9 Se 346.7 346.5 
Fe 376.8 374.8 Si 854.2 854.9 
Ga 514.6 514.9 Sm 993.9 993.6 
Gd 969.9 969.0 Sn 547.6 551.9 
Ge 556.5 557.6 Sr 758.8 749.8 
2 236.1 236.1 Ta 974.8 974.0 
He 30.4 30.4 Tb 999.0 998.4 
Af 1061.3 1062.9 Te 326.4 329.2 
Hg 114.8 115.9 Th 1214.5 1202.6 
Ho 979.3 978.6 Ti 904.4 907.2 
Ig 175.0 174.7 Tl 193.8 194.9 
In 437.4 436.8 Tm 952.5 951.7 
Ir 256.1 246.8 U 1196.1 1196.6 
K 366.5 366.6 V 721.5 720.4 
Kr 34.4 34.4 WwW 827.7 827.5 
La 994.3 994.6 Xe 40.3 40.3 
Li 392.9 393.0 Y 966.3 965.5 
Lu 946.6 945.7 Yb 944.9 944.3 
Mg 629.6 626.1 Zn 339.0 339.2 
Mn 484.6 482.0 Zr 1077.4 1083.4 
Mo 730.5 730.3 


Thus, the mineral exergy components that are subsequently described, namely 
concentration and comminution exergies use Thanatia and not a conventional R.E. 
as a baseline. 
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9.5.2.2 Concentration exergy 


Once a mineral has been created it mixes with others to form rocks, which in turn are 
combined with other rocks so as to form a deposit (stage IV of the mineral formation 
described in Sec. 9.2). The minimum theoretical work needed to concentrate a 
substance from an ideal mixture of two components is given by the concentration 
exergy (b.), as in Eq. (9.30), which derives from the expression of the entropy of 
mixing (Sec. 9.5). 


bo; = —RT® Ina; + G0 incy — 2;) (9.30) 
a 

The difference obtained in the concentration exergies of a mineral concentration 
in a mine (z,,)’ and that of the average concentration in the Earth’s crust, (x,)° is 
effectively the minimum amount of energy that Nature had to spend to bring the 
minerals from the concentration present in the dispersed state of Thanatia to that 
found in a mine. The exergy of a mineral increases along with its concentration. 
Such growth is not linear, since according to the Second Law, reflected in Eq. (9.30) 
and represented in Fig. 9.5, the effort required to excavate a mineral from a mine 
follows a negative logarithmic pattern with its ore grade. So, as the ore grade tends 
to zero, the energy needed to extract the mineral tends towards infinity. It is thus 
this component of the mineral exergy which makes it a more realistic measure of 
magnitude than mass, as pointed out by Wall (1977). Furthermore, this fact invali- 
dates the statement of Brooks and Andrews (1974) that the exhaustion of minerals 

is ridiculous because the entire planet is composed of minerals. 


b,, Mu/kmol 


0 
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Fig. 9.5 Exergy required for separating a substance from a mixture, according to Eq. (9.30). 


“am replaces x in Eq. (9.30) for obtaining the concentration exergy of the mineral in the mine. 
8a. replaces x in Eq. (9.30) for obtaining the concentration exergy of the mineral provided in the 
baseline. 
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In addition to concentration exergy, the binding forces in the formation of a 
crystal (the comminution exergy) should be accounted for. This is because minerals 
in the crust are commonly embedded in a silicate matrix and its cohesian exergy is 
its comminution exergy, i.e. the minimum exergy needed to comminute the mineral 
between two given sizes. An analysis of this is undertaken in the following section. 


9.5.2.3 Comminution exergy 


Historically, the authors have maintained that the main features characterising a mi- 
neral resource are its composition and concentration (Valero D. et al., 2008; Valero 
and Valero D., 2010). If this were really the case, Eq. (9.30), would account for the 
exergy required to concentrate the substance from the degraded state of Thanatia 
to the conditions currently found in mineral deposits. However, strictly speaking, 
Eq. (9.30) is only valid for ideal gas mixtures where collisions among molecules are 
elastic. In reality, a cohesion energy is always present in any mineral, preventing 
its spontaneous conversion into the gaseous state. Thus Eq. (9.30) would only ap- 
ply to the exergy of a mixture and not to that needed to break the binding forces 
among solids such as hydrogen, hydration, ionic and/or covalent bonds. Such forces 
are sufficiently strong enough to require the involvement of physical comminution 
processes like crushing, grinding and milling. Therefore and investigated by Valero 
and Valero D. (2012b) there is an important factor missing in the physical char- 
acterisation of a mineral, namely its comminution exergy. This exergy identifies 
the minimum energy required to bind solids from a given dispersed state to a more 
cohesive one. 

The energy needed to separate a solid particle from others smaller in size depends 
on different physical aspects such as hardness or surface area. Some expressions 
have been developed to link particle size to the energy input needed in grinding, 
such as Kick’s law or Bond’s law. Both indicate that the energy used increases 
exponentially as particle size decreases. These empirical formulas explain the actual 
costs but not the minimum cost or exergy, leading to an intensive study by the 
authors on the comminution exergy for minerals or rocks as a function of their 
comminuted size (Valero and Valero D., 2012b)?. What follows is a short description 
of the comminution exergy formula with respect to a large size fragmented rock in 
Thanatia. 

In order to obtain the comminution exergy of a given rock in a mine, one must 
first define its state of initial fragmentation, characterised by the geometrical mean 
size dyg. Such fragments will be composed by ore and gangue with a specific surface 
energy per unit mass. At the same time, one needs to assume that the size of the 
barerock in Thanatia is dg, meaning that its surface per unit volume is negligible 
in comparison to fragments contained in a mine. Subsequently, one can define a 
mineral’s comminution exergy as the exergy one saves in having this rock fragmented 
to dys instead of the size of the barerock composing Thanatia (do). 


®The publication of Valero and Valero D. (2012b) is predominately based on the work of Tromans 
and Meech (2002a, 2004). 
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Comminution exergy can be calculated as in Eq. (9.31): 
beom = AAy-¥/p = 6F;,-[1/dus —1/do] © 6F,-/dy [J/kg] , when dis < do (9.31) 


where 7¥ is the surface energy (J/m~?) obtained from Table D.2 and Table D.3. F, 
is the surface roughness factor and p (g/cm?) the density. Both can be obtained 
for a number of minerals from Table D.4. 

For exergy calculations, the ideal comminution process is deemed to be one that 
generates no loss of any kind, neither heat nor kinetic energy of fragments, as the 
compression load is fully used in generating the new surface. 

For instance, the comminution exergy of a galena fragment with a side dimension 


of 100 m, would be 
beom = 6+ 1.256 + 1.868 |.J/m?]/7.40 [10%kg/m?]/100[10~° m]=19.02 J/kg 


This value can be compared with that of its chemical and concentration exergy 
(ben = 3,107 kJ/kg (with mol. weight 239.27 g/mol) and b.=80 kJ/kg, respectively). 

Hence, galena’s comminution exergy is over ~ 10° times less than its chemical 
one and over 4,000 times smaller than that of its concentration. This result may 
however lead to the wrong conclusion because beom in Eq. (9.31) is proportional to 
1/dyz and the smaller the particle size, the greater the exergy needed to comminute 
a given sample. Thus comminuting to micras (10~° m) requires one thousand 
times more energy than if one were solely to reduce the size to one millimeter. To 
ensure that all the atoms in the crystal structure have been broken, one should 
comminute all the material to the size of a nanometer (10~° m). In which case 
the comminution exergy of a material should, at least in theory, be identical to its 
formation exergy. Additionally, as the cracking process starts from heterogeneities, 
which are effectively defects and flaws in the structure of the feed material, the 
surface tension increases as size decreases, hitting its upper limit when the grain 
size reaches that of the crystal (Stamboliadis, 2004). In other words, due to its 
power function behaviour, comminution is a very energy intensive process when it 
comes to fine grinding and milling but is not so relevant in crushing operations and 
negligible when evaluating the mineral wealth on Earth. 

This is why, since the actual continental crust is markedly fractured, naturally 
comminuted materials may be considered as exergy bonuses that Nature gives away 
for free. However, when contemplated on a global scale this bonus is not altogether 
significant especially when compared with the chemical and concentration exergies. 
Additionally, the Crepuscular Earth Model presented in Chap. 10 and its accom- 
panying formulas for evaluating the composition and the concentration of minerals 
are not influenced by comminution exergy data either. 

Hence, since comminution exergy can be effectively ignored, the total exergy 
of a certain mineral can be approximated to the sum of the chemical By and 
concentration components B, as in Eq. (9.32). 


Bri = i+ beni + M4 bei ++ Keomi ~% Beni t+ Bei (9.32) 
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9.5.3 The chemical exergy of fossil fuels 


Fossil fuels are a specific type of minerals and therefore their chemical and concen- 
tration exergies can be calculated using Eqs. 9.29 and 9.30. Liquid and gaseous 
fuels have the particularity that their quality (grade) remains near constant with 
extraction, which is not so for solid minerals (a mineral’s concentration decreases 
as the deposit is being extracted). For such cases, concentration exergy is not as 
relevant as it is for other mineral resources. It is thus not taken into account for 
the calculations presented in this book. Furthermore, the value of fuels is closely 
related to their chemical exergy content. 

The chemical exergy of fuels is very difficult to calculate with Eq. (9.29) due 
to their complexity. That said, it has been largely demonstrated that it can be in 
many cases, satisfactorily approximated to their HHV. More complex calculation 
procedures (such as those of Rant (1961), Szargut and Styrylska (1964), Shieh 
and Fan (1982), Lozano and Valero (1988), Stepanov (1995)), do not always lead 
to better results. Both, the experimental error associated with the determination 
of the HHV and that linked to the correlations of the more complete models are 
comprised reasonably in an interval close to +2%. 


Due to the level of detail required for the calculations in this book, the authors 
use the model developed by Lozano and Valero (1988). In this model, the reference 
environment is considered to be an additional variable allowing for an assessment of 
a given fossil fuel’s exergy loss in function of changes to environmental conditions, 
as can be expected in the event of climatic change brought about by their burning. 
The detailed methodology is explained in Sec. D.3 on 563. 


9.6 Exergy costs 


As stated previously, fuel minerals are appreciated for their inherent chemical 
exergy. Non-fuel minerals are in contrast not valued for their chemical exergy but 
rather for their costs associated with extraction. The exergy of a very abundant and 
concentrated non-fuel mineral in the crust, such as iron, will be high whereby its 
extraction cost will be low. On the contrary, a very dispersed and scarce one such 
as gold, will have a low exergy value but a very high extraction cost. Obviously, 
such costs are a very important component of the final market price which is why 
the scarcest minerals tend to be the most expensive. 

The exergy replacement cost (B*), first defined by the authors in Valero (1998) 
is the exergy required by a given available technology to return a resource from the 
dispersed state of Thanatia, to the physical and chemical conditions in which it was 
first delivered by an ecosystem(s). It describes something similar to the natural 
bonus of minerals and can be interpreted as a hidden avoided cost that Man does 
not need to spend. 

So, if exergy is the minimum thermodynamic cost needed to perform a given ac- 
tion, the exergy cost is a methodical measurement of the actual exergy expenditure 
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necessary to perform that same action with the best available technology. Both 
parameters are therefore important indicators. The first is a physical property of 
matter rather than a simple indicator and does not depend on the ever changing 
state of technology. It does however serve to mark the limits of technology with 
the hope that Man may someday with sufficient ingenuity approach them. Unfor- 
tunately, today’s technologies lie far from the thermodynamic limit meaning the 
figures obtained in exergy calculations are extremely low and with limited appli- 
cability in practice. This explains why the exergy cost indicator is exergy’s ideal 
counterpart. 

According to the Second Law, the difference between exergy cost and exergy in a 
given process is the sum of all irreversibilities occurring during that process. There- 
fore, Thermodynamics provides clear clues for improving energy and materials effi- 
ciency. The first step to take is avoidance, where possible, of product degradation, 
including oxidation, reaction, mixing or dispersion. Hence, a way to save energy 
is to meticulously identify and describe all the energy dissipation mechanisms and 
design a practical solution with which to overcome them. 

The calculation of exergy replacement costs, B*, is undertaken through 
Eq. (9.33), in which the concentration, B., and chemical, B,;,, exergies are multi- 
plied by the unit exergy replacement costs (kK, and k,;, respectively) of the processes 
undertaken to obtain the mineral as in Eq. (9.33). 


B; =ken- Ben + ke- Be (9.33) 


where ke», is the physical and dimensionless unit exergy replacement cost of refining, 
calculated as the ratio between the real energy invested in the process and the 
minimum chemical exergy (B,;,). And analogously k, is the unit exergy replacement 
cost of concentration, calculated as the ratio between the real energy invested in 
the process and the minimum concentration exergy (B.). It must be determined for 
each type of mineral with the assumption that the same technology is applied in all 
concentration ranges, including those found in Thanatia and in mineral deposits. 
The methodology behind is explained in detail Chap. 12. 

For comminution, the exergy cost is the actual exergy, using best available tech- 
nology, one saves in having a rock fragmented at the size of day instead of that of 
the barerock composing Thanatia (de). The comminution exergy cost of a mineral 
can be directly calculated with Bond’s equation (Eq. (9.34)) (Valero and Valero D., 
2012b): 


Brom = 10Wi(1/./(da) — 1/\/(de)) [kWh/t] , when dy « do (9.34) 


However, as with comminution exergy, the comminution exergy cost is negligi- 
ble!° when compared to a material’s chemical or concentration exergy. For instance, 


10The cost becomes even more negligible as size increases. For instance, a galena fragment of 1 
m in length requires only 0.4040 kJ/kg, which increases tenfold once the average fragmentation 
decreases to 1 cm. In contrast, its exergy increases by a factor of 100 from 1.902-10~° J/kg (size 
1 m) to 0.1902 J/kg (size 1cm) (Valero and Valero D., 2012b). 
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the comminution exergy cost of a galena fragment of 100 um side dimension, is 
10 - 40.40[k.J/kg][um]°? /[V102 4m] = 40.40 kJ/kg whilst the concentration exergy 
cost is 85,125 MJ/kg". 

Finally, it should be noted that it makes no sense to apply exergy replacement 
costs to fossil fuels, due to the impossibility of reproducing the photosynthetic 
process that once created the resource. Furthermore, the value of a given fossil 
fuel relies on its inherent chemical exergy, which once burnt disappears along with 
its inherent usefulness. On the contrary, the chemical exergy of metals and other 
non-fuel minerals does not generally disappear upon disposal to landfill. Rather 
it is the concentrated state of minerals in deposits that is eventually lost. Hence, 
fossil fuels can be thermodynamically compared to the exergy replacement costs of 
non-fuel mineral resources. In fact, as seen in Chap. 12, the exergy of fossil fuels is 
in the same order of magnitude as the exergy replacement costs of minerals. 


9.7 Thermoeconomics in the mining and metallurgical industry 


In this chapter’s previous sections the authors have provided the specific tools re- 
quired for a global exergy assessment of mineral resources. All such tools fall under 
the umbrella of Physical Geonomics (Chap. 4). As was seen in Chap. 3, Thermo- 
economics evolved into Physical Geonomics, thereby widening the level of analysis 
from the industrial to the global scale. Yet curiously, the development of the latter 
has led to progress in the former. In this way and although outside the scope of 
this book, the approach can be used to determine the physical cost of producing a 
given metal or industrial mineral in a specific facility. 

This is something which can be carried out through an extended thermoeconomic 
analysis. As was seen in Sec. 3.3.1, Thermoeconomics is essentially an Input-Output 
theory (albeit an unconventional one) in which the Second Law, through exergy 
analysis, is applied to any process system. In contrast, conventional I-O analyses 
are frequently used to track economic transactions related to commodities at a much 
more aggregated level, in which money is the yardstick!”. 

Thermoeconomics looks for process details and is used to assess the actual phy- 
sical costs of any industrial process. At the core of Thermoeconomics is the idea 
that the production purpose defines efficiency and cost and it is this “motto” which 
is systematically applied throughout. The overall industrial purpose (for instance, 
the preparation of a set of metals at a given purity in the mining and metallurgical 
industry) is subsequently transferred to each and every sub-process. 

This novel discipline has been extensively used for the optimisation of power 
plants, where predominantly energy flows exist. Energy flows are easily converted 


11This value is taken from Table 12.2. 

12Beyond that, Leontief et al. (1983) first applied I-O analyses to assess the extraction and use 
of non-fuel minerals throughout the world economy. Also Nakamura et al. (2007) proposed the 
‘Waste Input-Output Approach”. 
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into exergy ones and their value is an indication of quality. Nevertheless, when non- 
fuel minerals come into play, exergy measured in terms of its chemical component 
(as is done with fossil fuels) does not inform as to the quality of the flow. Moreover, 
when compared to the exergy of fossil fuels, that of non-fuel minerals is signifi- 
cantly lower meaning that the results obtained could lead to the wrong conclusion. 
Something similar happens when material bifurcations occur, a moment at which 
one needs to allocate costs. If this is done with exergy, one would again obtain 
inconsistent results. All such issues related to the application of Thermoeconomics 
in the mining and metallurgical industry, when material commodities are analysed, 
can be solved by using exergy replacement costs instead of exergy. Keeping this in 
mind, the general rules applied for the thermoeconomic analysis of power plants are 
equally valid, details of which can be found in Valero et al. (1986) and Lozano and 
Valero (1993). Accordingly, the next subsections describe the considerations that 
apply in the analysis of mining and metallurgical systems. 


9.7.1 Cost of input mineral resources 


Generally speaking, the cost of an output product is equal to the expenditures 
involved in its manufacture and that of input resources. At the same time, any 
resource can be considered as an output of a previous manufacturing process, thus 
its cost is equal to the sum of previous process expenditures coupled with the 
costs of its preceding resources and so on and so forth until one meets Nature. As 
Nature “herself” does not assign prices to natural goods, nobody reimburses Nature 
but instead people is paid. This explains why the norm in conventional economic 
thinking is to pay the extracting company which in turn may use some of this 
money to pay people through environmental taxes and restoration programmes, for 
example, to reverse the deterioration. This view is typically an “Over the Rainbow - 
OTR’ one, since it only accounts for Man’s effort involved in the production process 
from the cradle. The effort that Nature made to concentrate the mines and natural 
assets that society uses meanwhile is taken for granted because Nature could never 
accept money. “She” only understands actions and reactions. Therefore, following 
this reasoning, Man’s accounts can never really be measured in physical units, since 
natural costs are either unknown, deliberately ignored or replaced by costs and 
prices as dictated by Economics. 

Nevertheless and in contrast to the conventional paradigm, one can use exergy 
replacement costs to measure the extent of which Man fails to reimburse Nature. 
Accordingly, the exergy cost of a manufactured product is equal to the exergy ex- 
penditures involved in its manufacture and the exergy replacement cost of input 
resources, thus taking Nature into account and adding the DTR view. The value 
of a product only depends on the effort required to form it from the grave (Tha- 
natia) to the cradle - the part ascribed to Nature- and from the cradle to its final 
commercial output - the part ascribed to Man. The exergy cost of a product is thus 
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not subject to externalities such as market price and arguably gives a more rational 
and objective appraisal of the effort that both Man and Nature combined spent 
in obtaining the good(s). Any improvement to the process efficiency immediately 
decreases the cost of production with the sensitivity of the efficiency increasing with 
the rarity of resources. Hence the importance of optimising the use of those inputs 
with the greatest exergy replacement costs, as they are the most important in terms 
of conservation. 


9.7.2 Allocation 


The calculation of exergy costs is truly a complex one, especially in the case of 
minerals. As was seen in Chap. 8, no one single commodity deposit exists. Con- 
trarily, mineral ores are composed by a group of substances that may or may not be 
commercially exploitable (see Fig. 8.1). Thus, with each ore, products, byproducts 
and wastes appear. An example of this is the simultaneous mining of copper and 
gold ore whereby the high prices of the latter may drive the exploitation of both. 

If one wants to account for the exergy costs of a certain non-fuel commodity, 
the different energy expenditures (and eventually environmental impacts) of the 
production process need to be allocated according to each obtained product, be it 
a main or a byproduct. Such a task is by no means trivial and different procedures 
have been proposed and used: 


(1) As a function of market price: If one takes the example of the gold-copper 
ore, much of the environmental burden (including energy consumption) has to 
be ascribed to gold production, seeing as it is this metal that pays the highest 
premiums. However, the problem with this is that burdens do not change should 
the gold price fluctuate, which it does frequently. Clearly resource consumption 
and greenhouse gas emissions are related to physical expenditures, not prices. 

(2) Through tonnage: Using the gold-copper example again, the majority of envi- 
ronmental impacts would be ascribed to copper, as in tonnage terms it is the 
most significant. The issue with this is, although based on physical phenomena, 
such a procedure does not reflect the physical value of minerals. 

(3) Through exergy replacement costs: In the authors’ opinion, the most rational 
way to allocate energy through the different mineral substances contained in an 
ore is by considering exergy replacement costs!*. The greater a commodity’s 
replacement cost, the more energy (or environmental burden) is allocated to it 
and subsequently the strengths of price and tonnage as indicators are combined, 
with the highest importance placed on those minerals that are more “socially 
valued”. It is thus a physical measure independent of monetary arbitrariness 
supported by the rigorous theory of Thermoeconomics. 


13Exergy should be calculated in absolute energy units, i.e. GJ or ktoe. This means that specific 
exergy replacement costs (GJ/t) (see Table 12.2) need to be multiplied by the tonnage of the given 
commodity. 
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Table 9.2 shows an example of how costs are allocated as a function of ton- 
nage, price (for 2000 and 2011) and exergy replacement costs of a mean porphry 
Cu — Au deposit containing copper, gold and silver (Cox and Singer, 1992). The 
exergy replacement costs used for the aforementioned minerals are those provided 
in Table 12.2 and their prices are those published in USGS (2011b). According to 
the different allocation methods used, if the tonnage indicator is selected, none of 
the burden is ascribed to gold or silver due to their much lower grade compared 
to copper. If exergy replacement cost is applied meanwhile, the results are similar 
to those obtained via the price indicator. This supports the idea that the exergy 
replacement cost indicator is very close to the value society places on minerals. 
However, contrarily to prices, exergy replacement costs do not fluctuate with ex- 
ternal factors linked to market mechanisms but remains constant as can be seen in 
Fig. 9.6. That said, they are a function of the technology used and can be obtained 
from energy data published in different sources such as that provided by the Ecoin- 
vent database. Hence, the values are only as reliable as the sources used and are 
subject to improvements. 


Table 9.2 Cost allocation of porphry Cu — Au deposits as a function of tonnage, price and 
exergy replacement costs 


Grade Tonnage $ 2000 alloc. $ 2011 alloc. 28% alloc. 
alloc. 
Gold 3.80E-07 0% 26% 29% 28% 
Silver 1.59E-06 0% 2% 3% 1% 
Copper 5.00E-03 100% 72% 68% 70% 


9.7.3. The importance of disaggregation 


As with any industrial process, the analysis of a given mining or metallurgical one 
must be highly disaggregated in order to identify, in each subsystem, the purpose 
of production. One is then able to identify at any step along the value producing 
chain the actual cost of any intermediary product. It is therefore possible to ob- 
jectively decide at which point to sell it or whether in fact it is more beneficial to 
continue with the refining process. Contrarily, if the process is highly aggregated it 
becomes almost impossible to allocate exergy expenditures in proportion to exergy 
(or exergy replacement costs). In such cases one only knows that a given product is 
economically “more important” than another and so tends to allocate resource costs 
and GHG emissions in proportion to market prices. Yet when one disaggregates the 
overall system into sub-processes, prices become irrelevant and it becomes possible 
to see how energy is converted, 7.e. where and how many exergy expenditures were 
used to produce the range of products. It also becomes easier to see the efficiency 
of each sub-process and allocate costs in a more consistent way. Accordingly, a 
product is subject to two distinct phenomena: an internal process of cost formation 
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Fig. 9.6 Cost allocation of a mean porphry Cu — Au deposit as a function of price and exergy 
replacement costs 


and the external process of price formation. The former is dictated solely by Physics 
and is bound by the process. In contrast, the latter occurs in the marketplace and 
is not necessarily tied to the actual process. 


9.7.4 Thermoeconomics and LCA 


Considering the above, it follows that Thermoeconomics needs detailed Material 
Flow Analyses, MFA, i.e. the tracking of material, of energy flows and stocks, so 
as to calculate and subsequently add up their total exergy. In this way, exergy 
and exergy cost analyses can take advantage of the Life Cycle Assessment (LCA) 
databases, computer programmes and data management. Analysing life cycles is 
key when it comes to identifying where and finding out why materials, water and 
energy are lost. Adding exergy to an LCA allows for a better understanding of 
actual expenditures and a more precise physical cost allocation. In very aggre- 
gated studies, exergy cost is equal to embodied exergy or embodied energy analyses 
and theoretically, conventional LCAs would suffice. However, exergy analyses do 
differ from conventional ones, particularly in mixtures in which energy does not pro- 
vide clear clues with regards to allocation problems. This is because typical LCA 
databases consider regional averages of environmental impacts associated with mi- 
neral processing, which might not distinguish among those operations using hydro, 
gas, coal or nuclear generated electricity, or those occurring in different countries, 
or even any variations from process to process. Indeed, even if they commonly dis- 
criminate between heat and electricity sources, no clear distinction is made for each 
and every chemical raw material used either. Thus conventional life cycle studies 
are far from precise. 
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That said, MFA, LCA and IO analyses are complementary and can be used at 
different scales ranging from the urban, regional, national, continental and even 
global (MacLean et al., 2010). Thermoeconomics uses these methodologies with- 
out superseding them but instead serving to improve their precision as and when 
required. It applies to any physical system no matter how complex and should 
be of paramount importance at both the BoL and EoL stages of metal recovery!4 
(see Sec. 14.5). 

Unfortunately the knowledge and use of Thermoeconomics is not widely spread. 
It is however exact and solid. It is also the only way to assign a true physical foot- 
print, z.e. one that takes into account the energy, water, chemicals and pollutants 
of any product, under any circumstance. In particular, it is important in multi- 
output production processes, such as those used for mineral production and in the 
metallurgy of recyclates. Regrettably, it is also time consuming and the method 
whilst extensively used in power production has been scarcely used for minerals. 
Provided that LCA databases continue to include more or less arbitrary but “rea- 
sonable” assumptions rather than exergy allocations, the accuracy of the results and 
the conclusions drawn will be doubtful. This is because metals and minerals are 
always the root of any production chain with no unique-element-ores found in the 
crust. Accordingly, energy and material value allocation is always needed in order 
to obtain the cost of a particular element. Yet this procedure is so complex, that 
in fact, LCA handbooks recommend an avoidance of allocation where possible?. 
The authors of this book disagree with this stance and firmly believe that should 
the Thermoeconomics of metal separation be intensively researched, more accurate 
LCAs will be developed thus facilitating a more precise picture of the raw material 
production processes and their global management. 


9.8 Summary of the chapter 


In this chapter an introduction to the thermodynamics associated with the micro 
and macro formation processes of a mineral deposit and that linked to mining, 
smelting and refining has been undertaken. The reader has seen that the Second Law 
and its properties entropy and Gibbs free energy form the basis of understanding 
the phenomena related to mining and metallurgy. Specifically, the focus has been 
placed on the entropic vision of mineral extraction and the problem of scarcity. 
Given that entropy is connected to probability and information, it can also provide 
an interpretation as to the nature of the mixing of ions, atoms or molecules in a 
solid solution. 

The thermodynamic behaviour of smelting and refining is fundamentally ex- 


14Tn both stages, the problem essentially consists of separating metals from a mixture and reducing 
them to a metallic state using the least amount of fuels, water and chemicals possible. 

15See ILCD handbook for LCA http : //Ict.jrc.ec.europa.eu/pdf — directory /ILC D—Handbook— 
General — guide — for — LCA — DETAIL — online — 12March2010.pdf. Accessed March 2013 
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plained through changes in energy, temperature and the Gibbs function variation 
that occurs in redox reactions and which determines whether or not a reaction takes 
place. In pyrometallurgical processes high temperatures are required. The reactions 
involved can be depicted by an Ellingham diagram, whereby AG is plotted against 
temperature. 

Meanwhile, in electrometallurgical and hydrometallurgical processes, redox re- 
actions are undertaken in an electrolyte bath which consists of a molten salt or an 
aqueous solution that facilitates ionic migration. Metal reduction happens at the 
cathode on receiving the electrons freed by the oxidation process at the anode. This 
can only occur should the power supply be sufficient enough to overcome the poten- 
tial difference between the two half-cell reactions. The minimum potential required 
to force a reaction is dictated by the Nernst equation, which states the relationship 
between the Gibbs free energy and the concentration of reactants. A helpful tool 
for understanding the nature of hydrometallurgy is the Pourbaix diagram, which 
results from the plotting of all equilibrium lines corresponding to the various species 
that a given element may form such as a pure metal, ion or hydroxide against pH. 

Thermodynamics also permits a physical evaluation of mineral resources, which 
can be done using exergy instead of entropy or Gibbs free energy to generate a more 
concrete and understandable indicator. Exergy measures a system’s potential for 
change whilst not in thermodynamic equilibrium with a given reference environ- 
ment. With respect to the latter all materials have a quantifiable exergy content 
which is characterised by its thermodynamic properties. These can include: inter- 
nal energy, temperature, pressure, specific volume, entropy, velocity or altitude and 
lend themselves to specific exergy components, which may in turn include thermo- 
mechanical, kinetic and potential exergies. Exergy has been extensively used in the 
analysis of industrial processes, where the aforementioned variables are core com- 
ponents. Yet, when it comes to the evaluation of global mineral wealth, additional 
parameters come into play: chemical composition, concentration and comminution. 

Chemical composition accounts for the formation of the mineral from the refe- 
rence environment. The authors have used their update of Szargut’s R.E. for the 
calculation of mineral chemical exergy. Yet such a conception of a R.E. is not suf- 
ficient for a complete exergy evaluation of mineral resources, as it cannot be used 
as a baseline for concentration and comminution exergies. For this reason, the au- 
thors constructed a model founded on geospheric resemblance depicting Thanatia. 
Accordingly concentration exergy, which exhibits a negative logarithmic behaviour 
with grade, expresses the minimum amount of effort Nature had to “virtually” spend 
to bring the minerals from the concentration present in the dispersed state of Tha- 
natia to that of a mine. Its negative logarithmic curve means that as ore grade tends 
to zero, so does the deposit’s exergy, whilst that required for replacing the mine 
tends to infinity. Finally comminution exergy accounts for the minimum energy 
required to rebind the solids in Thanatia back to their original condition in the 
mine. It has been observed that this third component is very small in order of 
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magnitude, when compared to the chemical and concentration exergies and hence 
can be practically omitted. 

Subsequently, the special case of fossil fuels has been investigated. For these 
minerals the concentration exergy is not so relevant and thus they are evaluated 
solely in terms of their chemical exergy. Due to their complex chemical structure, 
formulas used for non-fuel minerals are difficult to apply. Hence, special calculation 
procedures need to be sort. Such calculations show that the chemical exergy of fossil 
fuels can be, in many cases, approximated to their HHV. Nevertheless, the formulas 
developed in Lozano and Valero (1988) are used in this book because through them, 
one can analyse fuel exergies relative to variations in environmental conditions. 

Generally speaking, exergy (B) values are very small, if compared to the real 
energy one would require to return natural resources to the state in which they were 
found originally. This is because exergy per se considers processes to be reversible, 
thereby providing only the theoretical minimum required to complete them. To 
overcome this issue, such values need to be multiplied by factor k. The latter is 
dimensionless and accounts for the inefficiencies of Man’s technology. The resulting 
exergy replacement cost (B*) thus represents the real exergy, using a given available 
technology, that would be required to return a resource to the physical and chemical 
conditions as first delivered by Nature. As opposed to exergy, exergy costs cannot 
be considered as a resource property, since k introduces a degree of uncertainty into 
the calculation. Nevertheless, they can be used as a suitable indicator for assessing 
the value of non-fuel mineral resources, as they combine under one parameter, not 
only composition, concentration and comminution but also the current state of 
technology. 

Finally this chapter has explained how exergy replacement costs can be used for 
the analysis of mining and metallurgical processes through Thermoeconomics. This 
novel discipline has been widely used for the optimisation of thermal systems, in 
which mainly energy flows come into play. Nevertheless, when non-fuel minerals are 
involved, the general rules used for conventional thermoeconomic analysis need to 
be extended. As a result, mining and metallurgical systems can be analysed using 
Thermoeconomics but only after taking into account two considerations. The first 
is that external resources are accounted in terms of exergy replacement costs instead 
of exergy alone, if these are non-fuel minerals. The second is that when bifurcations 
of products occur, costs are also allocated in terms of exergy replacement costs (and 
not exergy). 

The following chapter explains in detail the reference baseline selected for the 
exergy assessment of minerals, namely the Crepuscular Earth Model depicting Tha- 
natia. 


Chapter 10 


Thanatia and the Crepuscular Earth Model 


10.1 Introduction 


This chapter provides a very important ingredient for any exergy assessment, the 
establishment of a coherent baseline for the evaluation of the mineral endowment 
on Earth. This is represented by the theoretical planetary state Thanatia. This 
in turn is quantitatively assessed with the Crepuscular Earth Model, which is com- 
posed of a heightened CO2 atmosphere, saline hydrosphere and resource depleted 
crust. Additionally, the difference between the concept of Thanatia and Reference 
Environment (R.E.) is explained. 


10.2 Thanatia: the baseline for the exergy assessment of mineral 
resources 


The problem of establishing a R.E. for exergy calculations has received a good 
amount of attention from a multitude of authors (Szargut et al., 1988; Ahrendts, 
1977; Bosjankovic, 1963; Sussman, 1979; Gaggioli and Petit, 1976; van Gool, 1998). 
As explained in Chap. 3 and Chap. 9, exergy calculations require the definition of 
a R.E., since exergy is a measure of a system’s departure from that of the environ- 
ment. The more removed a system from its surrounding environment the greater 
its exergy. The R.E. is frequently referred to as “dead” because it is associated with 
the idea of a thermodynamic limit. Thus, when a system reaches equilibrium with 
its environment, the system is said to reach a dead state as it has lost all its exergy 
and consequently all its potential to do work. It is therefore appropriate to consider 
a R.E. as a thermodynamic tool that can be adapted to any system under analysis. 
In fact, it may be chosen, according to the properties of the system that one wants 
to analyse (Bosjankovic, 1963; Sussman, 1979; Gaggioli and Petit, 1976). 

To provide an example, the usefulness (and enjoyment) of a cool glass of water 
is not the same on a hot summer day as it is on a cold winter one. Even if the same 
quantity of energy is contained in both, the exergy (or thermodynamic usefulness) 
is clearly greater in the summer when one craves a cold drink to quench a thirst. 
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Furthermore, as the temperature factor is that which is most relevant (the chemical 
composition of the surrounding environment not relevant at all) the chosen base- 
line should include this parameter. Nevertheless, if the system under analysis is a 
mineral deposit, say of copper, the ambient temperature does not affect its quality. 
In this case, it is the composition and concentration of the surrounding land which 
distinguishes it and makes it valuable. 

So which should be the optimal and most coherent baseline for the assessment 
of mineral resources? 


10.2.1 Emntropic versus commercial death of the planet 


The Clausius formulation of the Second Law, where “the entropy of the Universe 
tends always to a maximum”, is another way of stating that the universe tends 
towards a thermal death. Hawking (1988) demonstrated that the principle of in- 
creasing entropy is obeyed even in black holes. 

Yet the baseline initially sought for in this book is not like the thermodynamic 
death of the universe imagined by Clausius. To visualise this, one can compare 
the “entropic death” of the Earth with that of Venus, a planet with an atmosphere 
composed of 95% CO 2 with all materials of its crust having mixed and reacted 
until upon reaching the minimum reactivity level under the existing conditions of 
the planet. It is however impossible that the Earth would ever reach that extreme, 
as it is the proximity of Venus to the Sun which increases its temperature and 
favours melted and gaseous states. The energy barriers of activation which are 
surpassed and the reactions that occur would simply not be possible under normal 
Earth conditions. 

At the relatively low temperatures experienced on Earth, most of the constitu- 
ents contained in the crust are in their solid state with the only major exception 
liquid water (essentially inert at ambient temperature). The most important che- 
mical action in water is the solution of substances, whilst that of air is oxidation 
in a typical low-temperature solid-gas reaction, which is itself impeded by its own 
dilution of oxygen (the convection flows that provoke mixtures or homogenisation 
mostly occur in the hydrosphere and atmosphere). Furthermore since the appear- 
ance of multi-cellular life, 550 million years ago, the composition of the atmosphere 
has fluctuated only slightly. Oxygen, for example, an extremely corrosive gas, di- 
luted in the atmosphere by 79% nitrogen and other minor gases at ambient tem- 
perature, has remained stable at around 21%. In other words, it is the relatively 
large distance from the Sun which has been the predominant factor in preventing 
the entropic degradation processes that occur on neighbouring Venus. At the same 
time, it is the relatively short distance from the Sun that has favoured the appear- 
ance of multi-cellular life, by maintaining those physical and chemical conditions 
that allow for the existence of carbon, nitrogen, water and material cycles, which 
in turn makes this planet universally unique. 
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As long as the Sun continues to radiate day after day, it will be the greatest 
source for the building and destroying of natural resources. The energy received 
from it that enters the atmosphere is huge, 1,353 J/m?s. Of this amount, 23% is 
the driving force of the hydrological cycle and less than 1% creates winds, ocean 
currents, waves, etc (Tarbuck and Lutgens, 1984). Just 0.023% is used for photo- 
synthesis, a value greater than the energy originating from the Earth’s interior at 
0.013%, which is responsible for the seemingly powerful tectonic activity: the vol- 
canic eruptions and earthquakes etc (see for instance Skinner et al. (1999)). Yet it 
is this tiny fraction which continues to provide the entire biological endowment on 
Earth. Thus in short, as long as the Sun remains (according to various estimates, 
it will last thousands of millions of years more), and as long as heat emanates from 
the planet, equilibrium or thermodynamic death on Earth will not and cannot come 
about. 

The greatest threat, far from being something from the cosmos, is something 
much closer to home. It is mankind itself. For it is Man who is responsible for 
accelerating the natural cycles and “he” who is permitted to live courtesy of the 
energy and material budget available on Earth. After extracting mineral resources, 
it is also Man who disperses them, provoking the oxidation of metals. Man who 
consumes fossil fuel resources which have been stored in a metastable state for 
millions of years, consuming the oxygen which formed at the same time as organic 
matter. Finally it is Man who provokes the solution of materials in the sea and Man 
who rips the heart out of the forests and blackens the very lungs of the Earth. This 
is because “his” activity does not produce new minerals when mines are exploited, 
whilst forests and jungles do not spring back immediately once cut. Fertile soils 
once lost are very difficult to find. Such actions and their inevitable consequences 
are of major concern to the Earth Systems Science Partnership!, as expressed in 
the Amsterdam Declaration?: 


Human activities are significantly influencing Earth’s environment in many ways, 
in addition to greenhouse gas emissions and climate change. Indeed anthropogenic 
changes to Earth’s land surface, oceans, coasts and atmosphere and to its biolog- 
ical diversity, the water and biogeochemical cycles are clearly identifiable beyond 
natural variability. They are equal to some of the great forces of nature in their 
extent and impact. Many are accelerating. 


In short, mankind converts the stored chemical exergy of the Earth into a de- 
graded environment which is progressively less able to support economic activities 
as they are currently understood and eventually will fail to sustain life itself. As long 
as Man took small, seemingly negligible, quantities of energy and materials from the 
environment, it seemed that Nature was inexhaustible. Conventional economics op- 


lFarth System Science places an emphasis on observing, understanding and predicting global 
environmental changes involving interactions between land, atmosphere, water, ice, biosphere, 
societies, technologies and economies. 

2http : //www.essp.org/. Accessed Dec. 2013. 
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erates within this paradigm and on the premise that everything is substitutable and 
reversible... after all everything can be fixed, except death. Yet this view is funda- 
mentally flawed because replacing forests that once spanned the whole of Eurasia, 
re-concentrating metallic ores previously extracted from mines or converting all the 
CO, and water back into hydrocarbons and oxygen, whilst perfectly possible from 
a thermodynamic point of view, takes more than money. In fact, it would require 
such an amount of energy, knowledge and time that restoring irreversible processes 
would become insurmountably costly and almost practically impossible. One can 
therefore with not too much difficulty, imagine a “commercially dead” planet Earth 
as a possible end to the “anthropocene”? period (Crutzen and Stoermer, 2000). In 
the hypothetical scenario of a “dead state”, all concentrated materials would have 
been extracted and dispersed throughout the crust and all fossil fuels would have 
been burned leading to an increase in atmospheric C'O2 concentration and mean 
global temperature due to the greenhouse effect. Using this as a reference point, 
every substance that is more concentrated or diluted, warmer or cooler, with a 
greater or a lower chemical potential, pressure, height or velocity and so on will 
have exergy. 

The hypothetical Earth alluded to here is Thanatia and as indicated by the 
Greek “Oavars”, represents death. In fact it is the embodiment of non-violent 
death. The authors use the name to describe the possible state of the Earth when 
all commercially exploitable resources have been consumed and dispersed. More- 
over, Thanatia, as both a name and a concept, constitutes the starting point for 
assessing the loss of mineral endowment on Earth. The model behind Thanatia 
is the “Crepuscular Earth” and has been developed with current geochemical and 
geological information on the atmosphere, hydrosphere and crust (see Sec. 10.3). 

In theory, by using ever refined Earth system models, better approximations can 
be obtained. This is something that the authors actively encourage the scientific 
community to do. There could be as many Crepuscular Earth models, representing 
Thanatia, as there are authors which demonstrates the necessity of reaching an 
internationally recognised consensus regarding this baseline. That said, since the 
future is a great unknown, science may never create a model sufficiently capable of 
depicting Thanatia. However even a reasonable guess, would provide a quantitative 
estimation as to the effect of mankind on Nature. It is equally likely that Man will 
never live to see Thanatia as hopefully, alternatives to the extraction and dispersion 
of natural endowment on Earth will be found. 


10.2.2. Thanatia compared with Gaia and Medea 


The Earth’s evolution has been the subject of a number of hypothesis and models, 
especially since the 1970s. Climatologists, for instance, have estimated future atmo- 


3The Anthropocene is an informal term that serves to mark the evidence and extent of human ac- 
tivities that have had a significant global impact on the Earth’s ecosystems (Crutzen and Stoermer, 
2000). 
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spheric COz2 levels using anything ranging from relatively simple energy balances 
to 3-D General Circulation Models (GCM). All are quantitative and most attempt 
to predict local and global climate changes in the not so distant future. Very few 
extend beyond a century with uncertainties increasing as time advances, especially 
when multiple interactions are considered. 

In contrast, biologists and palaeontologists look to the Earth’s past for signs and 
behavioural patterns with which a future scenario can be extrapolated, taking into 
account man-planet interactions. They propose timeless but intended-to-be-certain 
predictions about life on Earth or alternatively the future of mankind. 

Arguably, one of the most widely recognised representations of the Earth is the 
Gaia hypothesis as postulated by James Lovelock (Lovelock, 1972; Lovelock and 
Margulis, 1974; Lovelock, 1979). Gaia, a self-regulating Mother Earth, is a single co- 
evolutive organism, which contributes to the maintenance of those conditions needed 
to sustain life on the planet, i.e. it is homeostatic*. It is an ecological hypothesis 
in which the biosphere and the physical components of the Earth are integrated 
into a complex and interacting system, which is decreasing in buffering capacity 
(Lovelock, 2006). This capacity diminishes further every time mankind contributes 
to the loss of rainforests and biodiversity, burns fuels increasing greenhouse gases 
and in doing so contributes to the thermal expansion of the oceans. 

In contrast to Gaia, the paleontologist Peter Ward proposes the Medea theory 
(Ward, 2009), named after the raged and disgusted wife of Jason that kills her 
own children. Accordingly, life on Earth instead of evolving symbiotically with its 
environment is resources predatory and ultimately suicidal: “The inherent property 
to evolve is also the source of the inherent suicidalness of life”. 

Thus as Ward (2009) states life itself is the main threat to its own continuation. 
This is based on past evidence of mass extinctions, whereby life systematically 
destroyed all available resources until there was nothing left to predate. In contrast 
to Gaia, there are no negative feedbacks but instead “biocidal” tendencies which 
consume all the available resources. There is no “good mother” who nurtures life 
nor the optimism intrinsic to the Gaian perspective that the Earth will eventually 
recover from Man’s destructiveness, since in Medea there is nothing but avid and 
absolute devastation®. 

Both the Medea theory and Gaia hypothesis share the common thread that they 
predict an impending catastrophe (Lovelock, 2007, 2009), something which in turn 
partially connects them to the Second Law. Gaia, particularly, has been the subject 
of various thermodynamic studies (Swenson, 1988; Schwartzman, 2005; Volk, 1997; 
Kleidon, 2004). Kleidon (2004) for instance, shows that “...homeostatic behaviour 
can emerge from a state of Maximum Entropy Production MEP associated with the 


4Homeostasis refers to an ability to self-regulate so as to maintain a stable, relatively constant 
condition. 

5Rees (2003) also warns as to how humanity is running the risk of its own demise, exploring the 
scenarios that science, technology, weapons, population, climate among others contribute to in 
humanity’s final hour. 
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planetary albedo. The MEP hypothesis also provides a framework to understand 
why photosynthetic life would be a highly probable emergent characteristic of the 
Earth as a system and why the diversity of life is an important feature supporting 
its function. A biotic Earth at a state of MEP may well lead to near-homeostatic 
behaviour over long time scales, as also stated in the Gaia hypothesis”. 

Yet it is Medea that reflects the Second Law more extensively®. As one should 
expect from the Second Law, any system with specified constraints evolves until 
it reaches equilibrium with its surroundings, extracting and destroying all exergy 
wherever it is found. Indeed if a natural species is a thermodynamic system, it 
will reproduce to such an extent that it will end up exhausting the capacity of its 
environment to sustain it. And in this sense, the philosophy behind Medea is closer 
to that of Thanatia. 

The most distinguishing feature of Thanatia compared to the other two is that 
whilst they hypothesise the systemic behaviour of a living Earth, Thanatia repre- 
sents its death, as a consequence of human action. Rather than the death of Man 
through sudden planetary perturbations, it represents the concept of death through 
the exhaustion of planetary resources. The reasons behind how Earth arrived at 
its present condition are not important, nor particularly relevant. Instead the core 
issue centres around the defining of those properties responsible for its commercial 
end. Neither Gaia nor Medea specifies these properties, rendering them incapable of 
providing any sort of reference for exergy calculations. Hence why Thanatia should 
be the reference for the assessment of the loss of mineral endowment. 

It is not merely good enough to stay within the philosophical realm, if one is 
to truly evaluate the loss of mineral endowment on Earth. Philosophy must be 
accompanied by the quantitative and specific composition and concentration of the 
Earth’s layers with which Man interacts, namely the atmosphere, hydrosphere and 
upper continental crust. This is done via the Crepuscular Earth Model as shown in 
the next section. 


10.3. The Crepuscular Earth Model 


In the next sections, the models of the so-called crepuscular atmosphere, hydro- 
sphere and upper crust of Thanatia are described. The information provided stems 
from the following sources: Valero D. et al. (2010a); Valero et al. (2011). 


10.3.1 The crepuscular atmosphere 


The crepuscular atmosphere of Thanatia is influenced predominately by the in- 
creased concentration of CO2 due to the complete burning of fossil fuels. A rea- 


6Unfortunately, the Medea theory is too young to find many scientific supporters outside the 
paleobiologists circle with little in the way of conferences and studies to corroborate the hypothesis 
from other fields like Thermodynamics or environmental sciences. 
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Fig. 10.1 Results of the carbon cycle model used (Valero et al., 2011) 


sonably good estimate of future atmospheric CO2 requires the use of a carbon 
cycle model that simulates the carbon uptake of the oceans and the terrestrial bio- 
sphere. Additionally, it requires knowledge of the fossil fuel resources stock as well 
as a projection of future emissions from fossil fuel combustion and land use change 
(emissions scenarios). 

The carbon cycle comprises a variety of processes which develop in timescales 
ranging from hours to millions of years. The shortest processes are photosynthesis, 
respiration and the interaction of the atmosphere with ocean surfaces and soil. The 
long-term processes consist of the carbon exchange between rocks and the superficial 
system (ocean, atmosphere, biosphere and soils) (Berner, 2003). The carbon cycle 
model adopted in Valero et al. (2011) is Tomizuka’s box (Tomizuka, 2009), which 
despite its simplicity, offers an effective representation of the carbon cycle and a 
reliable projection of its future behaviour. 

Results of the model using historical CO2 emissions data (Houghton, 2009; Mar- 
land et al., 2008) are shown in Fig. 10.1. Historical atmospheric CO 2 data used in 
this figure is taken from Neftel et al. (1994) and Tans (2009). 

Once the carbon cycle model has been selected, the next step is to determine the 
total amount of carbon stored in fossil fuels. This is carried out using information 
regarding the conventional and non-conventional world fossil fuel reserves provided 
in Chap. 6 (see Table 6.7), together with the carbon emission factors (CEF, which 
are given in mass of carbon per energy unit of fuel) provided by the IPCC (Eggleston 
et al., 2006). The results are summarised in Table 10.1. 

From Table 10.1 one can see that the total carbon stored in conventional fossil 
fuel reserves is about 2,000 GtC, a figure much smaller than the commonly used 
value of 5,000 Gt (Bala et al., 2005; Lee and Holder, 2001; Lincoln, 2005). This is a 
significant result since any emissions forecast relies heavily on such information. It 
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Table 10.1 Mass of carbon stored in fossil fuels. Values are given in GtC (1015 gC) (Valero 
et al., 2011) 


Proven reserves Estimated additional reserves Total 
Conventional fuels 724.8 1,250.81 1,975.61 
Non-conventional fuels 1,200.2 13,048.49 14,248.69 
Total 1,925.01 14,299.3 16,224.3 


Table 10.2 Emissions scenarios (Valero et al., 2011) 


Scenario Reference data CUE (GtC) 


BAU-I Historical 2,265 
BAU-II Historical 16,564 
A2-II SRES A2 16,564 


is also evident from Table 10.1 that the total non-conventional fossil fuel stocks are 
much greater (by about sevenfold) than the conventional ones. But the commercial 
production of fossil fuels depends on many other factors, not just reserves, since it 
is subject to restrictions such as technological development, economic conditions, 
legal constraints and social acceptability amongst others (H66k et al., 2010b). This 
adds uncertainty to the accuracy of the estimation of future emissions. 

The third ingredient needed in the determination of the crepuscular atmosphere 
is the selection of an appropriate emission scenario to forecast the rate of emissions 
due to the future consumption of fossil fuels. Such scenarios are developed by fitting 
a logistic-type curve to reference data for emissions (Nel and Cooper, 2009) and 
involve the use of cumulative ultimate emissions (CUE). A term used to define the 
amount of carbon that has been already emitted from the time of the preindustrial 
era (taken as 1750), which is about 340 GtC (Marland et al., 2008), plus the quantity 
of carbon to be emitted in the future. Valero et al. (2011) use two figures for 
the CUE, corresponding to the values of proven and total reserves (proven plus 
estimated) as provided in Table 10.1. Where only proven reserves are considered, 
scenarios are denoted as -J, and consequently where total reserves are considered, 
the scenarios are denoted as -II. Valero et al. (2011) also use two sets of reference 
data to fit the logistic curve. The first set consists of the historical carbon emissions 
derived from fossil fuel combustion for the period 1750-2007 whilst the second is the 
land-use emissions for 1750-2005 (Marland et al., 2008). These scenarios are referred 
to as “business as usual” (BAU) . The reference data used for the other scenarios 
are the carbon emissions from IPCC SRES A2 scenario (Nakicenovic and Swart, 
2000). This was selected because it is likely to describe a “worst case” projection of 
future emissions since it considers a very heterogeneous world with a continuously 
increasing population (H66k et al., 2010b). Table 10.2 describes the scenarios used. 
The rate of emissions corresponding to these scenarios is presented in Fig. 10.2. 

Finally, the carbon cycle model was run for each of the three scenarios. Fig. 10.4 
shows the temperature anomaly corresponding to the C'O2 trajectories of Fig. 10.3, 
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Fig. 10.2 Emission rates for the different scenarios (Valero et al., 2011) 
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Fig. 10.3 Evolution of atmospheric CO2 concentration (Valero et al., 2011) 


defined as T(t) - T(1750). 

The results corresponding to the crepuscular (when the peak is reached) and 
stabilised atmosphere are presented in Table 10.3. 

It is important to note that for the three emissions scenarios presented, there 
appears to be a greater consensus as to when the exhaustion of fossil fuels will occur 
(150 to 300 years) than for the CUE, which varies sevenfold. Nevertheless, the effect 
of this difference on the climate is much more significant, since peak atmospheric 
C'Oz could reach values of around 6,000 ppm, causing a peak warming of about 
12.3 °C. The effects into the long term are also significant since atmospheric carbon 
dioxide in the stabilised atmosphere might be higher than 3,200 ppm, whilst the 
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Fig. 10.4 Evolution of mean global temperature anomaly (Valero et al., 2011) 


Table 10.3. Main results of the model (Valero et al., 2011) 


Crepuscular atmosphere 
Scenario CO2,atm(ppmv) A MST (°C) MST (°C)  Patm (bar) 


BAU-I 682.86 3.7 17.2 1.0209 
BAU-II 5,547.23 12.18 25.69 1.049 
A2-II 5,261.2 11.96 25.47 1.0483 


Stabilised atmosphere 
Scenario CO2,atm(ppmv) A MST (°C) MST (°C)  Patm (bar) 


BAU-I 439.1 1.82 15.32 1.0144 
BAU-II 3,201.5 9.84 23.35 1.0416 
A2-II 3,264.95 9.92 23.43 1.0419 


warming relative to pre-industrial conditions might constitute a near 10 °C increase. 

Table 10.4 presents the composition of the crepuscular and stabilised atmos- 
phere, on a dry basis for each of the different scenarios. This composition is obtained 
when taking into account the fact that the combustion of 1 kg of carbon demands 
about 2.67 kg of oxygen, leading to its overall reduction in the atmosphere. Vapour 
pressure meanwhile is expected to increase due to the atmosphere’s higher water 
content with the saturation pressure also increasing due to higher temperatures. As 
a consequence, the mean global relative humidity will not vary significantly for the 
final state of interest. 

Given the numerous and significant restrictions preventing the consumption of 
fossil fuels in the future, Valero et al. (2011) consider that emissions scenario BAU-I 
is the most likely to occur among the three presented. In addition, this scenario 
involves smaller uncertainties regarding the future commercial exploitation of un- 
conventional fossil fuels. The high emissions from scenarios BAU-II and A2-II also 


Thanatia and the Crepuscular Earth Model 301 


Table 10.4 Composition of the crepuscular and sta- 
bilised atmosphere on a dry basis (vol. %) (Valero 
et al., 2011) 


Crepuscular atmosphere 
Component BAU-I BAU-II A2-II 


No 78.08 
O2 20.920214 20.66834 20.662 
Ar 0.93 

CO2 0.068286 

Other 0.0015 


Stabilised atmosphere 
Component BAU-I BAU-II A2-II 


N2 78.08 
Oz 20.94459 20.66835  20.662005 
Ar 0.93 

CO2 0.04391 

Other 0.0015 


result in higher temperature increases than the BAU-I, which leads to a greater un- 
certainty of predictions, since under these conditions one is more likely to experience 
stronger non-linear feedbacks (perturbations) of the climatic system (Schneider, 
2004). 

Summarising, the crepuscular atmosphere occurs once all fossil fuel resources 
have been depleted, which according to scenario BAU-I is set to be reached in 
approximately 2200 with an atmospheric injection of about 2,000 GtC. Accordingly, 
the crepuscular atmosphere has a carbon dioxide content of 683 ppm, a mean surface 
temperature of 17 °C (peak carbon dioxide induced warming of 3.7 °C above pre- 
industrial temperatures), a pressure of 1.021 bar and a composition, on a volume 
basis of 78.8% No, 20.92% Oz, 0.93% Ar and 0.0015% of trace gases. 


10.3.2 The crepuscular hydrosphere 


Combustion of fossil fuels and other human activities affect the hydrosphere, which 
can be modified by climate change, with the increased atmospheric temperature 
causing ice melt, an alteration in the atmospheric water content and the modifi- 
cation of precipitation patterns amongst others. In addition, many non-climatic 
drivers such as land use change, reservoir management, pollutant emissions, water 
and wastewater treatment may impact freshwater supply, a vital component of the 
global hydrosphere. Indeed freshwater is expected to suffer an increase in nitrogen, 
phosphorus, sulphates, heavy metals and organic content especially as the world’s 
population grows (Bates et al., 2008). Also worthy of note is the runoff from rivers 
and surface heat as both affect the thermohaline circulation. They may also, albeit 
indirectly, significantly influence atmospheric carbon dioxide concentrations (given 
that the solubility of CO 2 in water is related to temperature). Changes in tem- 
perature then affect the world water budget and this in turn affects the Earth’s 
temperature with the mean surface temperature influenced by the amount of green- 
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house gases remaining in the atmosphere, which in itself depends on the capacity 
of the world waters to retain them. 

The composition of the aforementioned altered hydrosphere still needs to be 
assessed. The uncertainty associated with this task is by no means trivial since it 
involves the summing together of all uncertainties such as the projection of future 
greenhouse gases and ocean acidification due to an increase in dissolved COz (Hall- 
Spencer et al., 2008). 

That said, as stated in Sec. 5.4, it is well-known that the planetary water budget 
is dominated by the oceans. Freshwater only constitutes 2.75% of the total, of which 
glaciers and ice sheets account for 75%, with the remaining 25% coming from fresh 
and groundwater. Such numbers indicate that even if potable water is essential 
for life (and freshwater something which mankind gives precedence to over other 
types of environmental issues), when it comes to defining a macroscopic model 
of the crepuscular hydrosphere, freshwater is of almost no consequence’ (Valero 
et al., 2011)°. The composition of the exhausted bulk hydrosphere can therefore be 
approximated with a reasonably high level of confidence to that of seawater, which 
is given by Millero et al. (2008) (Table 5.5) or Quinby-Hunt and Turekian (1983) 
(Table 5.6). The surface temperature assumed is that of the crepuscular atmosphere 
(17 °C). 


10.3.3. The crepuscular continental crust 


According to the USGS (2007), the mass of global non-fuel industrial mineral re- 
sources is in the order of 10!° kg. When the rest of the minerals are considered, the 
total quantity of concentrated minerals increases by one or two orders of magnitude, 
to around 10!” kg. The amount of possible available conventional and unconven- 
tional fossil fuels meanwhile, is around 10'° kg, according to the WEC (2007). This 
means that all concentrated mineral resources of fuel and non-fuel origin represent 
only 0.001% of the Earth’s upper continental crust total mass (around 107? kg, based 
on Yoder (1995)). Therefore, the authors can state with no significant error, that 
the crepuscular continental crust can be approximated to the average mineralogical 
composition of the current Earth’s upper crust. 


“Moreover, it is unlikely that all ice sheets and glaciers would have been melted, especially of 
those of Antartica. However, land ice such as that covering the Arctic or Greenland would probably 
disappear completely, reducing the fresh water budget substantially. In the same way, forest areas 
will notably shrink. That said, Thanatia represents a limit, rather than a precise picture of the 
Earth’s future. 

8Even if the current ice sheet melting rate is estimated at more than 300 billion tons per year, 
it represents less than 0.0009% of the total mass of the Antarctic and Greenland ice sheets which 
together hold 33 million cubic km of ice. Such amount of ice is enough to rise global sea level 
by 70 metres (Rignot and Thomas, 2002). Therefore if the rates of melting observed were to 
continue, the ice sheets could add nearly 15 cm to the rise in global sea levels by 2050 but would 
not significantly alter the ocean’s composition (Rignot et al., 2011). 
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10.3.3.1 The model 


In Sec. 5.5, the reader saw that the crust’s composition in terms of elements is 
reasonably known, with the data of Rudnick and Gao (2004) one of the most ac- 
cepted ones. Unfortunately, for the Model of Crepuscular Crust, the composition in 
terms of minerals, not of chemical elements is required. To the authors’ knowledge, 
only one single author (Grigor’ev, 2007) has provided a preliminary estimation of 
it. After the authors’ extensive review of Grigor’ev’s mineralogical composition, an 
update was carried out in Valero D. et al. (2010a) ensuring that all species com- 
prising the analysis were mathematically, chemically and geologically consistent. A 
mass balance of the species was undertaken, ensuring that the total sum of the 
mineral mass (vector €;) was equal to that of the total chemical elements mass as 
given by Rudnick and Gao (2004) (vector ¢€;). A matrix with the elements as rows 
and minerals as columns was obtained: 


in 1 y 3 4 5 j 
SiOz CaCO; NaAlSizOg  Al2SiOs { 

1 0 3 1 vee Sil 

2 3 8 5 O 2 

RY x i= 0 1 0 0 Ca 3 
0 1 0 0 Cc 4 

0 0 1 0 Na 5 

0 0 1 2 Al 6 

7 


If R is the coefficient rj; matrix , then Eq. (10.1) must be satisfied: 


Vector €; is the unknown. 

If the continental crust is assumed to be a closed system, the elements contained 
in the minerals must be equal to the chemical composition of the crust. And, if 
the chemical composition defined by Rudnick and Gao (2004) given in Table 5.13 is 
assumed to be correct, the application of Eq. (10.1) in Grigor’ev’s analysis, should 
give the same values as Rudnick and Gao (2004). 

Yet, the output of the mass balance between compounds and elements for 
Grigor’ev (2007) analysis does not correspond to the chemical composition of the 
upper Earth’s crust determined by Rudnick and Gao (2004), i.e. €; 4 €; (see 
Table D.8 in the Appendix)’. Additionally, not all the elements compiled in the 
chemical composition were taken into account (Grigor’ev considers 56 elements, as 
opposed to the 78 included in Rudnick and Gao (2004)). This is because many 
elements that are missing in Grigor’ev’s analysis, are minor elements that do not 


°Tn table D.8, the values are expressed in g of substance per g of crust, since this is the usual 
way of expressing the chemical composition of the crust. This means that €; is multiplied by the 
molecular weight of the substance MW;. 


304 Thanatia: The Destiny of the Earth’s Mineral Resources 


appear in enough concentration within the crust to form mineral phases in their 
own right. Instead they usually replace major elements in crystal structures!?. 
Consequently, based on Grigorev’s analysis, a new mineralogical composition of 
the upper continental crust }77" , &, was calculated. Since there are not as many 
equations as unknowns, a reasonable number of additional hypothesis had to be 
formulated. Accordingly, the model was optimised in order to satisfy the following 


requirements (Valero D. et al., 2010a): 


(1) The mass balance between compounds and elements, i.e. 5> Fer é,= é;, with 
€; representing the chemical composition of the upper crust determined as by 
Rudnick and Gao (2004). 

(2) The mass content of every mineral in the crust must always be greater than 
ZEYO, 1.€. &j > 0. 


Additionally, if constraints 1 and 2 were satisfied, the relative proportions of 
the minerals in Grigorev’s model were kept constant. Moreover, if an important?! 
mineral of a certain element was absent in Grigor’ev analysis, it was included by 
the authors, making reasonable assumptions!” on its abundance based on existing 
literature. 

Table 10.5 shows the crepuscular crust, which coincides with the mineralogical 
composition of the upper Earth’s crust. The model obtained contains 324 species, 
57 more than in that of Grigor’ev (2007). Of the 324 substances 292 are minerals. 
The rest are predominately diadochic elements included in the crystal structure of 
other minerals, as is the case for the following elements: C'e, Nd, Ni, Y, Rb, Co, 
Dy, Er, Eu, Ga, Gd, Ge, Ho, Lu, Re, Sc, Tb, Tl, Tm, V, Hf, In, Pd, Pr, Pt, Rh, 
Ru, Sb, Se, Sm, Te, Yb. The resulting molecular weight of the upper continental 
crust is 155.2 g/mole. Details of the procedure (with a description of the specific 
optimisation method for each element) and a discussion of the results are described 
in Valero D. et al. (2008, 2010a). 


Table 10.5: Mineralogical composition of the crepuscular crust 


Mineral Formula mass, % 
Quarz SiO2 2.29E+01 
Albite NaAlSiz0Og 1.35E+01 
Oligoclase Nao,.gCao.2 Aly .2.Si2.3O08 1.19E+01 
Orthoclase K AISi3z0g 1.18E+01 
Andesine Nao,6Cao.4Aly,4Si2,.6O8 5.46E+00 
Paragonite NaAl3Si3019(OH)2 3.96E+00 
Biotite K Mqp.5 Fees AlSi3010(OH)1.75 Fo.25 3.82E+00 
Hydromuscovite/ Ko.¢(H30)o.4Ale Mgo.aF eo} Siz.5010(OH)2 3.03E+00 
Illite 


Continued on next page... 


10The ability of certain different elements to exist in place of each other in certain points of a 
space lattice is called Diadochy. 

114 mineral is considered important, should it constitute an ore of a certain element. 

!2The assumptions are explain in detail in Valero D. et al. (2008). 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 
from previous page. 
Mineral Formula mass, % 
Augite Cao.9Na0.1M 90.9F ea 5 Alo.4Tio.1 Si1.906 3.00E+00 
Hornblende Ca2Fe3* Alo.75 Feb 55 (Siz AlO22)(OH)2 2.63E+00 
Labradorite Nao.5Cao.5 Ali.5 Si2.5Og 2.50E+00 
Nontronite Nao.3Fe3* Siz.7Alo.3O010(OH)2-4(H20) — 1.93E+00 
Opal SiOz - 1.5(H20) 1.24E+00 
Ripidolite Mg3.75F €7558i3.Al2010(OH)s 1.20E+00 
Almandine Fe3t Alz(SiO4)3 1.04E+00 
Muscovite K Al3Si3010(OH)1.8Fo.2 1.01E+00 
Sillimanite Al2SiOs 9.97E-01 
Epidote Caz Fe3* Alg(SiO4)3(OH) 9.06E-01 
Kaolinite AlzgSi205(OH)4 8.36E-01 
Calcite CaCO3 8.06E-01 
Magnetite Fest Fe?+O4 7.97E-01 
Riebeckite Naz Fe3* Fest (Sig022)(OH)2 5.74E-01 
Beidellite Nao,33Alz.33.913.67010(OH)2 5.10E-01 
Ilmenite Fe?+TiO3 4.71E-01 
Titanite CaTiSiOs 4.46E-01 
Clinochlore M 93.75 Fe? 55913 AlzO10(OH)s 4.37E-01 
Sepiolite Mg4SigO15(OH)2 - 6(H20) 3.48E-01 
Aegirine NaFe3* Si206 3.04E-01 
Diopside CaM gSi206 3.04E-01 
Natrolite Naz2Alz2Si3O10 - 2(H20) 2.97E-01 
Cummingtonite Mg7(SigO22)(OH)2 2.91E-01 
Phosphate rock Ca3(PO.)2 2.79E-01 
Hypersthene MgFe?+ Si2z06 2.72E-01 
Ankerite CaF ep, Mgo.3Mngi (CO3)2 2.71E-01 
Hastingsite NaCazFe;* Feet (Sig AlgO22)(OH)2 2.58E-01 
Bytownite Nao,.2Cao.g Aly.gSi2.208 2.50E-01 
Actinolite Ca2M 93 Sig022(OH)2Fex* 2.47E-01 
Hydrobiotite Mg2.3F bt, Ko.3Cao.1 Si2.3Al.3010 2.44E-01 
(OFf)1.8Fo.2 + 3(H20) 
Montmorillonite | Nao.165Cao.0835 Al2.33.$%3.67010(OH )a2 2.39E-01 
Andalusite AlzgSiOs 2.03E-01 
Lawsenite CaAl2Si207 2.00E-01 
Diaspore AlO(OH) 1.77E-01 
Pennine Mg3.75F e7558i3Al2O010(OH)s 1.71E-01 
Glauconite Ko.6Nao.o5 Fe} 3M 90.4F ee 5 Alo.s 1.56E-01 
Siz. 3O10(OH)2 
Dolomite CaM q(CO3)2 1.42E-01 
Prehnite Cag Al2Siz019(OH)2 1.41E-01 
Hydragillite/ Al(OH)3 1.38E-01 
Gibbsite 
Ulvéspinel TiFes* Ou 1.16E-01 
Goethite Fe?+O(OH) 1.04E-01 
Neptunite K NagLliFe?’ Mngt Ti2SisOra 9.97E-02 
Hematite Fe203 9.68E-02 
Lepidomelane/-  K Fe3Mgo.5F e345 Alo.25Si3010(OH)2 ‘9.11 E-02 
Annite 
Barite BaSO4 8.03E-02 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 

from previous page. 
Mineral Formula mass, % 
Sanidine Ko.75.Nao,25 AlSi308 7.31E-02 
Distene/ Kyan- Al2SiOs 7.08E-02 
ite 
Celestine SrSO4 6.70E-02 
Staurolite Fe?*+ Alg Sia023(OH) 6.56E-02 
Thuringite/ Fe3t Mg2 Alt Fest Siz AlO10(OH)2 6.44E-02 
Chamosite 
Ferrosilite Fe?+ MgSi20¢6 6.13E-02 
Halite NaCl 5.89E-02 
Boehmite AlO(OH) 5.79E-02 
Thomsonite NaCaz2 Als SisO20 - 6(H20) 4.99E-02 
Serpentine/ M q3Si205(OH)a 4.56E-02 
Clinochrysotile 
Pigeonite Mg1.35 Feo 5 5Cao.1Si206 4.37E-02 
Bronzite MgFe?* Si20¢6 4.11E-02 
Apatite Cas(PO4)3 (OH )0.33F0.33Clo.33 4.03E-02 
Zircon ZrSiOa 3.88E-02 
Stilpnomelane Ko.aFeg* Alo.gSi11.1021(OH)s.6-6(H20) 3.85E-02 
Spodumente LiAlSi2zO¢6 3.83E-02 
Leucoxene CaTiSiOs 3.72E-02 
Tremolite Ca2M 95 SigO022(OH)2 3.48E-02 
Clinozoisite Caz Al3(SiOa)3(OH) 3.41E-02 
Psilomelane Ba- (H20)Mn3* O10 3.41E-02 
Crossite NagM g2Fe?* Alg(SigO22)(OH)2 3.31E-02 
Pyrite FeS?2 3.17E-02 
Niter KNO3 3.00E-02 
Talc M q3SiaO10(OH)2 2.91E-02 
Vermiculite Mg3SiaO19(OH)2 - 2(H20) 2.82E-02 
Enstatite Mq2Si206 2.79E-02 
Anorthite CaAlzSi2Og 2.75E-02 
Rutile TiO2 2.73E-02 
Zoisite Caz Al3Si3012(OH) 2.58E-02 
Nitratine NaNO3 2.52E-02 
Graphite C 2.43E-02 
Siderite Fe?+CO3 2.43E-02 
Braunite Mn?+ Mngt SiO12 2.36E-02 
Olivine Mgi.6F eG (SiO4) 2.34B-02 
Spessartine Mn2 + 3Al2(Si04)3 2.28E-02 
Anhydrite CaSO4 2.26E-02 
Hollandite Bao.g Pbo.2Nao.125 Mngt Fes, Mngt 2.23E-02 

Alo.2Si0.1016 

Analcime NaAlSi20¢A(H20) 2.23E-02 
C org Cc 2.23E-02 
Chromite Fe?*+Cr20O4 1.98E-02 
Vesuvianite/ Caio M 2 Ala(SiO4a)5(Si2zO7)2(OH)4 1.71E-02 
Idocrase 
Pyrrhotite Fe?+$§ 1.51E-02 
Tephroite Mn3* (SiO4) 1.23E-02 
Corundum AlzO3 1.22E-02 
Gypsum CaSO4 -2H2O 1.21E-02 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 
from previous page. 

Mineral Formula mass, % 
Rhodochrosite MnCO3 1.05E-02 
Arfvedsonite NagFe7* Fe*+ (SigO22)(OH)2 1.05E-02 
Monazite (Ce) Ceo.5 Lao.25 Ndo.2Tho.05(POa) 1.03E-02 
Sphalerite ZnS 9.96E-03 
Jadeite NaAlo.9 Fe? t (Si20e) 9.80E-03 
Dispersed V Vv 9.71E-03 
Pumpellyite Caz MgAl2z(SiO4)(Si2z07)(OH)2-(H20)  9.49E-03 
Diodochic Rb Rb 8.30E-03 
Aragonite CaCO3 7.70E-03 
Nepheline Nao.75 Ko.25Al(SiO4) 7.43E-03 
Forsterite Mq2SiOa 6.96E-03 
Hedenbergite CaFe?+ Si206 6.82E-03 
Witherite BaCO3 6.79E-03 
Chalcopyrite CuFeS2 6.64E-03 
Phlogopite KM g3AlSi3010F(OH) 6.62E-03 
Pentlandite Fert Nia.5Ss 5.75E-03 
Cordierite Mq2Al4Si50O1g 5.57E-03 
Fayalite Fe" SiO4 4.78E-03 
Pyrolusite MnO2 4.73E-03 
Anatase TiOg 4.46E-03 
Francolite Cas(PO4)2.63(CO3)o.5F 1.11 4.35E-03 
Tourmaline NaFe3* Alg(BO3)3SigOis(OH)a 4.30E-03 
Orthite-Ce/ AL Caj.2Ceo.4Y0.133 Ale Fe?+ (Si3012)(OH) 4.05E-03 
lanite 

Lepidolite K Lig AlSi4O19 F (OH) 3.99E-03 
Gedrite M g5 Ala (Sig Al2O22)(OH)2 3.23E-03 
Beryl Bez Al2SigOig 3.22E-03 
Pyrophyllite Al2SiaO10(OH)2 3.22E-03 
Magnesite MgCO3 3.04E-03 
Ilmenorutile Tio.7 Nbo.15 Fee 59502 2.96E-03 
Rhodonite Mn?+ SiO3 2.93E-03 
Ulexite NaCaBs5QOg -8H2O0 2.92E-03 
Chloritoid Fet}M90.6Mnj}Al4Si2019(OH)a 2.89E-03 
Diadochic Ce Ce 2.83E-03 
Clementite Fe; Mgi.5AlFe+ Siz AlO12(OH)6 2.64E-03 
Jacobsite Mngt, Fes Mgo.i Fest MnetOs 2.63E-03 
Kernite Naz2B4O7 -4H2O 2.61E-03 
Bastnaesite La(CO3)F 2.54E-03 
Colemanite Caz BgO11 -5H20 2.46E-03 
Sassolite (natu- H3BO3 2.22E-03 
ral boric acid) 

Murmanite NaaTi3.6Nbo.4(Si2O7)204 - 4(H20) 2.15E-03 
Cryptomelane KMnzt Mnot O16 2.11E-03 
Anthophyllite Mg7SigO22(OH)2 2.09E-03 
Grossular Caz Alz(SiOa)3 2.08E-03 
Diadochic Ni Ni 1.98E-03 
Amblygonite Lio.75 Nao.25 Al( PO.) Fo.75(OH)o.25 1.95E-03 
Diadochic Y Y 1.86E-03 
Scapolite Na2Caz2Al3 SigQ24Cl 1.83E-03 
Pollucite Cs0.6Nao.2Rbo.1 Alo.9 Si2.106 - (H20) 1.78E-03 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 
from previous page. 


Mineral Formula mass, % 
Dispersed Ga Ga 1.76E-03 
Dispersed Co Co 1.73E-03 
Spinel MgAl204 1.52E-03 
Diadochic Nd Nd 1.46E-03 
Sapphirine M g4Ale.5$%1.5020 1.40E-03 
Dispersed Sc Sc 1.40E-03 
Manganite MnO(OH) 1.31E-03 
Cristobalite SiOg 1.24E-03 
Fluorite CaF2 1.12E-03 
Andradite Caz Fe2* (SiO4)3 9.98E-04 
Glaucophane Na2(Mqg3Al2)SigO22(OH)2 9.49E-04 
Ferrocolumbite Fe?+ Nb2O6 8.10E-04 
Todorokite NazMni* Mn3* O12 - 3(H20) 8.03E-04 
Clinohumite Mgo.75F e555 (SiO4)4Fi.5(OH)o.5 7.64B-04 
Pr in Monazite, Pr 7.10E-04 
Fergusonite and 
Bastnasite 
Thorite ThSiOg 6.91E-04 
Galena PbS 6.67E-04 
Marcasite FeS2 6.04E-04 
Kornerupine Mg3.5 Fee Als.7(SiO4)3.7 6.00E-04 
(BO4)o0.301.2(OH) 
Hf in Zr ores Af 5.29E-04 
Vaesite NiS2 5.20E-04 
Violarite Fe?+ Ni2S4 5.20E-04 
Humite M 95.25 Fei 45 (SiOs)3F1.5(OH)o.s 5.09E-04 
Jarosite K Fe3* (SO4)2(OH)¢ 4.79E-04 
Wollastonite CaSiO3 4.74E-04 
Arsenopyrite FeAsS 4.71E-04 
Sm in Monazite Sm 4.69E-04 
and Bastnasite 
Kieserite MgSOsa - (H20) 4,245-04 
Garnierite NigMgSi205(OH)a 4.10E-04 
Euxenite Yo.7Cao.2Ceo.1(Tao.2)2(Nb0.7)2(Tio.025)O6 3.93E-04 
Dispersed Dy Dy 3.91E-04 
Cubanite CuFe2S3 3.62E-04 
Dispersed Gd Gd 3.19E-04 
Nickeline NiAs 2.73E-04 
Aenigmatite NazFe3* TiSigO29 2.73E-04 
Scheelite CaWO4 2.67E-04 
Cassiterite SnO2 2.61E-04 
Carnotite Ko (UO2)2(VO4)2 -3H2O 2.52E-04 
Vernadite Mng*, Fes} Cao.2Nao.101.5 2.36E-04 
(OH)o.5 - 1.4(H20) 
Topaz Alg(SiO4) F1.1(OH)o.9 2.34E-04 
Dispersed Er Er 2.30E-04 
Chrysoberyl BeAl2O4 2.28E-04 
Hisingerite Fe3* Si2zOs(OH)a - 2(H20) 2.21F-04 
Covellite CuS 2.17E-04 
Sylvite KCl 2.05E-04 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 
from previous page. 

Mineral Formula mass, % 
Yttrialite Y1.5Tho.5Si2O7 1.94E-04 
Molybdenite MoS2 1.83E-04 
Yb in monazite Yb 1.72E-04 
Gersdorffite NiAsS 1.61E-04 
Dispersed Br Br 1.60E-04 
Omphacite Cao.6Nao.4Mgo,6Alo.3F 5 | Si206 1.60E-04 
Brucite Mg(OH)2 1.58E-04 
Uraninite UO2 1.51E-04 
Azurite Cu3(CO3)2(OH)2 1.51E-04 
Dietzeite Caz2(I03)2(CrOs) 1.51E-04 
Sb in galena Sb 1.42E-04 
Dispersed Ge Ge 1.41E-04 
Bornite Cus FeS4 1.33E-04 
Nosean Nag Ale Sig O24(SO.) 1.26E-04 
Pyrochlore NaCaNb206(OH)o.75 Fo.25 1.26E-04 
Malachite Cu2(CO3)(OH)2 1.21E-04 
Palygorskite MgAlSisO10(OH) - 4(H20) 1.14E-04 
Lautarite Ca(LO3)2 1.08E-04 
Dispersed Eu Eu 1.00E-04 
Dispersed Tl Tl 8.98E-05 
Hydrosodalite Nag(AlSiOa)6(OH)2 8.44E-05 
Dispersed Ho Ho 8.30E-05 
Gadolinite Y2 Fe?+ Be2(Si2O10) 8.05E-05 
Phenakite Be2SiOs 8.05E-05 
Bertrandite BeaSi2O7(OH)2 8.05E-05 
Helvine/ Mna4Be3(SiOs)3S 8.05E-05 
Helvite 

Strontianite SrCO3 7.88E-05 
Dispersed Tb Tb 7.00E-05 
Perovskite CaTiO3 6.94E-05 
Tridymite SiOz 6.30E-05 
Cryolite Nag3AlFe 4.95E-05 
Orpiment As2S3 4.55E-05 
Sulphur Sg 4.53E-05 
Brookite TiO2 4.21E-05 
Eudialyte NagCa2Ceo.5 Fes} Mng 3 Yo.1ZrSigO22 4.04E-05 

(OH)1.5Clo.5 

Carnallite EK MgCl - 6(H20) 4.03E-05 
Xenotime YbPO4 3.70E-05 
Dawsonite NaAl(C'O3)(OH)2 3.65E-05 
Wolframite FegtMngs(WOa) 3.21E-05 
Dispersed Lu Lu 3.10E-05 
Dispersed Tm Tm 3.00E-05 
Stibnite Sb2S3 2.75E-05 
Copper Cu 2.48E-05 
Cerussite PbCO3 2.21E-05 
Blomstrandite/ Uo.3Ca0.2Nbo.9T i. Alo.1 Fee 2.05E-05 
Betafite Tao.5s06(OH) 

Sodalite Nag Alg Sig O24Cle 1.98E-05 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 
from previous page. 


Mineral Formula mass, % 
Britholite Caz.9Ceo.9Tho.6 Lao.4Ndo.2Si2.7Po.5 1.67E-05 
O12(OF)o.8Fo.2 
Ferrotantalite Fe?+Ta20¢ 1.58E-05 
Ramsayite/ NagTizgSi2O9 1.24E-05 
Lorenzenite 
Anglesite PbSO4 1.16E-05 
Greenockite Cds 1.16E-05 
Chondrodite M3.75F e755 (SiO4)2F1.5(OH)o.5 1.12E-05 
Axinite -Fe Caz Fe?* Alz BO3Si4012(OH) 1.10E-05 
Chalcocite Cu2S 1.09E-05 
Zinc Zn 1.01E-05 
Se in copper Se 9.00E-06 
ores 
Loparite - Ce Nao.6Ceo.22Lao.11Cao.1Tio.g Nb9.203 8.13E-06 
Bischofite MgClz - 6(H20) 8.06E-06 
Smithsonite ZnCO3 7.98E-06 
Sirtolite Zr SiOa 7.37E-06 
Pleonaste/ MgFe3* O4 6.96E-06 
Magnesioferrite 
Lead Pb 6.32E-06 
Bismutite Bi2(CO3)O2 6.09E-06 
Cinnabar HgS 5.73E-06 
In in ZnS In 5.61E-06 
Arsenolite As203 5.55E-06 
Bismuthinite Bi2S3 5.10E-06 
Bismite Bi2O3 4.62E-06 
Tin Sn 4.59E-06 
Cancrinite NagCazAlg SigQO24(CO3)2 4.46E-06 
Chevkinite Ce1.7Lai,.4Cao.sTho.1 Fez gM go.5Ti2.s 3.35E-06 
Feat Si4O022 
Bismuth Bi 2.71E-06 
Rhabdophane- Ceo.75Lag.25(PO.) - (H20) 2.62E-06 
Ce 
Fergusonite Ndo.aCeo.48m0.1 Y0.1 NbO4 2.38E-06 
Native silver Ag 2.09E-06 
lotisite FeO 1.72E-06 
Realgar As4S4 1.50E-06 
Pyrargirite Ag3SbS3 1.29E-06 
Argentite Ag2S 1.24E-06 
Baddeleyite ZrOz2 1.20E-06 
Uranium- Thor- ThSiO, 1.04E-06 
ite 
Lavenite Nao.5Cao.5Mngt Fest 9.10E-07 
Zro.gTio.1Nbo.1(Si2z07)Oo.6(OA)o.3Fo.1 
Cobaltite CoAsS 8.40E-07 
Acanthite AgoS 6.79E-07 
Freibergite Ag7.2Cuz3.6 Fe; 5Sb3As$13 6.79E-07 
Smaltite CoAs2 6.35E-07 
Powellite CaMoO4 6.10E-07 
Stephanite AgsSbS4 6.09E-07 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 

from previous page. 
Mineral Formula mass, % 
Linnaeite Co3S4 5.15E-07 
Microlite Nao.4Cai.6Ta206.6(OH)o.3Fo.1 4.77E-07 
Lamprophyllite Na2SrBaTi3Si4O16(OH)F 4.59E-07 
Te in Cu ores Te 4.47E-07 
Thorianite ThO2 4.12E-07 
Delorenzite/ Yo.7Cao.2Ceo.12(Tao.7)2(Nbo.2)2 4.00E-07 
Tanteuxenite (Tio.1)O5.5(OH)o.5 
Miserite KCa2Ce3SigO22(OH)1.5Fo.5 2.30E-07 
Fahlerz Group: Cu11Fe?+ AsaS$13 1.82E-07 
Tennantite 
Metatorbenite Cu(UO2)2(PO4)2 - 8(H20) 1.69E-07 
Moissanite SiC 1.42E-07 
Vivianite Fe3* (PO4)2 - 8(H20) 1.30E-07 
Naegite Zr SiO 1.28E-07 
Gold Au 1.28E-07 
Chrysocolla Cu2Si2Og¢ - (H20)4 1.25E-07 
Troilite FeS 1.01E-07 
Chlorargirite AgCl 7.83E-08 
Metacinnabar gs 7.38E-08 
Wulfenite PbMo0O4 6.10E-08 
Tetrahedrite Cug Fe3 $6413 5.70E-08 
Nordite Naz.3Mnp5$r0.5Cao.5La0.33Ce0.6ZN0.6 5.46E-08 

M g0.4Si6O17 

Samsonite AgaMnSb2S6 4.87E-08 
Pd in NiCu Pd 4.51E-08 
ores 
Cooperite Pto.6Pdo.3Nio.1S 3.95E-08 
Weinschenkite Y POg - 2(H20) 3.70E-08 
Ru in Ni-Cu Ru 3.37E-08 
ores 
Sylvanite Auo,75Ago,25T e2 3.27E-08 
Léllingite FeAso 2.68E-08 
Calaverite AuTe2 2.58E-08 
Ptin Ni-Cuores Pt 2.47E-08 
Rinkolite/ Na2CazCe1.5Yo.5T i0.4Nb0.5Z70.1 2.07E-08 
Mosandrite (Si2O7)201.5F3.5 
Dispersed Re Re 1.98E-08 
Tellurite TeO2 1.82E-08 
Tetradymite BigTegS 1.60E-08 
Periclase MgO 1.52E-08 
Alunite K Al3(SO4)2(OH)6 9.11E-09 
Thortveitite Sc1.5Yo.5Si2O7 7.60E-09 
Dumortierite Alg.9(BO3)(Si04)302.5(OH)o.5 7.60E-09 
Rh in Ni-Cu- Rh 6.01E-09 
ores 
Osmium Oso.75110.25 3.00E-09 
Tridium Iro.5080.3Ruo.2 2.61E-09 
Polycrase (Y) Yo0.5Cao.1Ceo.1U0.1Tho.1T 11.2 Nbo0.6T a0.206 8.71E-10 
Boulangerite Pbs5Sb4S11 4.00E-10 
J-Platinum Pt 3.00E-10 
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Table 10.5: Mineralogical composition of the crepuscular crust. — continued 
from previous page. 


Mineral Formula mass, % 
Polixene/ PtFe 2.00E-10 
Tetraferroplat- 

inum 

Wohlerite NaCa2Z7r0.6Nbo.4Si20g.4(OH)o.3Fo.3 5.05B-11 


End of the table 


10.3.3.2 Reliability of the model 


As stated in Valero D. et al. (2010a), the composition of the crepuscular crust is 
far from certain. However, since the crust will not be empirically explored in such 
detail as to provide more accurate experimental data (at least not in the short 
to medium term), one can rely on indirect results. Furthermore, if the data of 
Rudnick and Gao (2004) is accepted as the most reliable and Grigor’ev’s results 
adapted accordingly to ensure a satisfactory mass balance between both models, 
only three questions remain. One, given that the crepuscular crust is based on the 
model of Grigor’ev (2007), did he consider enough samples to form an accurate 
depiction of the entire crust? Two, since the authors had the challenge of a sparse 
matrix with independent variables differing by more than 12 orders of magnitude, 
is the resolution procedure of the Crepuscular Earth Model the most reliable!3? 
And three, is the list of additional geological hypotheses used to make the matrix 
squared consistent? 

That said, despite the need for further lines of enquiry and the fact that the 
results are obtained through a mathematical model rather than experimentally, this 
procedure ensures that there is coherence between the results of Grigor’ev (2007) 
with those of Rudnick and Gao (2004). Table 10.5 is thus proposed as the model 
of Thanatia for the evaluation of the loss of the mineral endowment on Earth for 
each of the 78 elements listed. It will no doubt be improved as and when better 
earth system models, geochemical and geological information appear, as has already 
occurred with the chemical composition of the existing crust models. 


10.4 The difference between Thanatia and the reference 
environment 


The concept of Thanatia could be easily confused and wrongly used as a reference 
environment instead of a baseline. Therefore, in this section, the differences between 
both approaches and their respective necessity are explained. 

The reference environment, the most commonly used of which is that of Szargut 
(1989), is well established within the literature as a tool for chemical exergy cal- 


13Note that a 40% error in a very rare mineral is less significant for the bulk composition of the 
crust than a 0.001 percent error in a very common one such as quartz. 
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culations. Among those involved in proposing reference environments, all have 
arrived at the consensus of dividing the reference substances (R.S.) that compose 
the R.E., into the gaseous components of the atmospheric air, solid components of 
the lithosphere and molecular components of seawater. It is this conception of a 
R.E. which is close to the authors’ degraded Earth, seeing as it is also composed by 
an atmosphere, hydrosphere and upper crust. However and whereas the theoreti- 
cal degraded Earth sought in this book, should be composed of all the substances 
appearing currently on Earth, a typical R.E. includes 85 substances with only one 
chemical substance assigned per chemical element!*. Furthermore, the exact selec- 
tion of the R.S. depends on the criteria of each individual author. 

In this way, a group of authors derive the chemical exergy of the elements from 
the hypothetical chemical equilibrium that could be attained on Earth in a very 
distant future. Ahrendts (1977, 1980) and Diederichsen (1999) for example, stated 
that if the amount of different elements in the reference system is known and the 
temperature is fixed, the quantity of each chemical compound and the value of each 
chemical potential is uniquely determined by the condition of chemical equilibrium. 

Ahrendt’s R.E. relied on the model of Ronov and Yaroshevsky (1969) to ascertain 
15 elements, making up more than 99% of the Earth’s crust: H, C, N, O, Na, 
Mg, Al, Si, P, S, Cl, Ar, K, Ca, Ti, Mn and Fe. Diederichsen (1999) updated 
and extended Ahrendt’s model with new geochemical data and obtained among 
others, a R.E. including 75 elements. These elements were allowed to react until 
chemical equilibrium was attained. The composition of this environment in chemical 
equilibrium, had as a variable parameter the thickness of the crust layer (between 
6 = 1m and 6 = 1000 m). The resulting equilibrium reference system based on a 
slice of the Earth’s crust (6 = 1000 m), showed that the exergy of oxygen was even 
smaller than that of fuels due to the formation of nitrates. He found that the exergy 
of oxygen increased, when the considered thickness of the crust was smaller!°. 

However, as seen in the composition of air, atmospheric oxygen and nitrogen can 
exist together during millions of years, without leading to the formation of nitrates. 
Ahrendts’ R.E. is thus a state very removed from current reality and would require 
a very long temporal period in order to reach it. Nor is it very appropriate for the 
analysis presented here, which is focused on activities produced at human temporal 
scales. 

In this respect, another relevant author Szargut (1957, 1989), proposed a R.E. 
closer to the natural one in which among a group of reasonably abundant sub- 
stances, the most stable will be selected should they also fulfill the “Earth similarity 
criterion”. That is, if the stability of several potential reference substances for a spe- 
cific element (measured in terms of the formation Gibbs energy) is within a certain 
threshold, then the most abundant reference substance will be chosen. If however 


14For instance, the reference substance associated with aluminum in Szargut (1989) is Al2O3 and 
there is no other containing Al. 
15In order to overcome this paradox, Ahrendts considered a crust layer of only 1 m thick. 
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given substances do in fact fall within the threshold, the most stable will be taken as 
the R.S. as long as the “Earth similarity criterion” is not contradicted. The stability 
threshold does not have a fix value and depends on each element considered, since 
it is subject to geological uncertainties’®. 
to the real physical environment and should provide a good representation of those 


Consequently, Szargut’s R.E. is similar 


products formed in the interaction between the components of the natural envi- 
ronment and the waste products of processes. In such a case, the most probable 
products of this interaction should be chosen as reference species. 

Drawing inspiration from Szargut’s model, Ranz (1999) developed a R.E. based 
on complete stability which contains the most stable minerals appearing in the 
Earth’s upper continental crust. According to this author, minerals found in the 
upper continental crust, are not necessarily stable and do not represent, as proposed 
by Szargut (1989), the products of an interaction between the components of the 
natural environment and the waste products of industrial processes. Both Szargut’s 
and especially Ranz’s criteria for establishing their R.E. are more in accordance with 
the idea of the commercial end of the planet (Thanatia). Yet they are not and can 
never substitute the Crepuscular Earth Model due to their impractical assumption 
of only one substance per chemical element!”. 

Finally, another very important difference between a R.E. and Thanatia is that 
the former only provides the environment’s chemical composition. The concentra- 
tion factor is a very important issue for assessing the loss of the mineral endowment 
on Earth as will be seen later in the chapter. This is because the exergy of a mine- 
ral deposit increases exponentially with its ore grade 7.e. the greater the difference 
between the concentration of the mineral in the mine and in the dispersed crust, 
the greater the exergy of the deposit. Hence, not only is the composition of the 
substances in the “dead environment” required but also their concentration. 

In short, the reference environment and Thanatia are separate entities, albeit 
that the authors recognise that they are closely related concepts. It should be 
noted at this stage, that the final state of a R.E. is not particularly relevant nor 
a prerequisite of the calculations presented here, as one of the purposes of this 
book is to ascertain the difference between the exergy of the mineral deposits at 
their current state and that of Thanatia, the world’s commercial end, as a means 
to evaluate the loss of the global mineral endowment. Nevertheless, conventional 
reference environments are still needed (in fact, Thanatia has a chemical exergy 
with respect to a defined R.E.) and constitute a tool for the calculation of chemical 
exergies. 


16Thus for example in the case of Sb, the substance $b2.S3 is more abundant than Sb2Os, never- 
theless, as Sb2Os5, is much more stable, the latter was chosen as reference. Likewise the nitrates 
such as Ca(NO3)2, NaNO3, K NOs3were discarded because although stable they are not abundant 
in the natural environment and would thus break the similarity criterion if taken as the R.S. 
17For instance, the multiple natural substances in which silicon is present will hardly turn, within 
the time span of human civilisation, into its reference substance SiO2 because even if possible from 
a thermodynamic point of view, the kinetics of the reactions literally block the transformation. 
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Zero Exergy, R.E. 


Fig. 10.5 Graphical representation of Thanatia’s exergy with respect to the reference environment 


Henceforth, one must distinguish between the concepts of “exergy” and “exergy 
resource”. Exergy is conventionally calculated from a thermodynamic R.E. In con- 
trast, an exergy resource is calculated from Thanatia as a baseline. Thanatia in- 
volves the choosing of a reference barerock from which a material could be extracted 
as an alternative from their current mineral source. This conceptual complexity can 
be solved through a minor calculation, since exergy is an additive property. Thus 
an exergy resource is obtained as the exergy of the material minus that of the 
corresponding barerock constituting Thanatia. 

Fig. 10.5 shows a graphical representation of the exergy of Thanatia and the 
current state of the Earth with respect to the reference environment. When minerals 
are extracted and refined, one is in fact increasing the exergy of the produced 
raw materials used in the technosphere. This is however done at the expense of 
additional resources (such as fossil fuels), thereby depleting the mineral deposits 
from which they stem. As a consequence, the Earth gradually loses exergy and 
approximates to Thanatia. 


10.5 Summary of the chapter 


The reader has seen in this chapter that the exergy of any substance is always 
associated to a baseline. The conditions of which determine the exergy content of 
a given system and thus careful selection of an adequate and appropriate reference 
is of paramount importance. 

The authors have thus presented an estimation of a suitable baseline, referred 
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to as Thanatia, for exergy calculations. Thanatia is a degraded planet where all 
mineral resources have been depleted and all fossil fuels burnt. It is composed of 
a crepuscular atmosphere, hydrosphere and upper continental crust, which were 
modelled with the help of mathematical algorithms based on current geological and 
geochemical information. 

The chapter has emphasised the importance of gathering knowledge of the de- 
graded planet, since it is this that will allow a thorough assessment of the current 
natural endowment on Earth and the velocity at which humankind is degrading its 
resources. Both factors are essential for efficient management of minerals and in 
short, for slowing down the rate at which Man is approaching the “commercial end”. 

The proposed crepuscular atmosphere has a carbon dioxide content of 683 ppm, 
a mean surface temperature of 17.2°C, a pressure of 1.021 bar and a composition 
on a volume basis of 78.8% No, 20.92% O2, 0.93% Ar, and 0.0015% of trace gases. 
However, as shown in Table 10.3 before these conditions are reached, atmospheric 
temperature could increase up to 3.76 °C and CQO2 concentrations of 731 ppmv 
might be experienced. In the same way, in the very long term (after two millen- 
nia), atmospheric temperature and CO 2 concentration would stabilise to an average 
surface temperature of 15.3 °C and a CO, concentration of 439 ppm. 

Considering that saline water accounts for 97.5% of the whole hydrosphere, the 
crepuscular hydrosphere is assumed to have the current chemical composition of the 
oceans as shown in Table 5.5 but at the average temperature of around 17°C. 

For Thanatia’s upper continental crust, the authors have proposed a model based 
on Grigor’ev’s preliminary mineralogical composition but with the improvement of 
ensuring a chemical coherence between species and elements. The resulting crust 
is composed of 292 minerals. This preliminary model (that is subject to improve- 
ments) provides the starting point of a new baseline, which will allow for the exergy 
calculation of mineral resources. 

This chapter has also identified the differences between the most commonly 
used R.E. in the calculation of chemical exergies and the baseline presented in the 
Crepuscular Earth Model, since both approaches are required for assessing the loss 
of the mineral endowment on Earth. 

At this point the authors would like to reiterate the fact that reaching the state 
of Thanatia (a highly improbable event) does not imply the end of life on Earth, 
even if it would likely entail important changes in the biosphere. It only implies 
the commercial end of the planet, where non-renewable resources are no longer 
available in a concentrated form. A scenario that should only occur if mankind 
fails to undertake any effective search and alternative means of development, which 
could include the mass use of other non-climate affecting energy sources and the 
closure of material cycles. 


Chapter 11 


The Exergy of the Earth and its Mineral 
Resources 


11.1 Introduction 


This chapter is devoted to the calculation of the standard thermodynamic properties 
of the Earth (enthalpy, Gibbs free energy and chemical exergy) with a focus on each 
of its outer layers: the atmosphere, hydrosphere and upper continental crust. Thus, 
in order to do this, the geochemistry of the planet described in Chap. 5 is required, 
together with the thermodynamic tools provided in Chap. 9. 

Finally, the exergy of the mineral resources (both of fuel and non-fuel in origin) 
is calculated, added to the energy sources described in Chap. 6 and compared with 
the global chemical exergy of the crust. 


11.2 The properties of the Earth 


As explained in previous chapters, the thermodynamic properties of the Earth relate 
to the compounds contained within it and not to their elements. Assuming that each 
of the three spheres are composed of an ideal solution of substances, their average 
enthalpy (AH f), Gibbs free energy (AG) and chemical exergy (b-,), expressed as 
kJ/mol of atmosphere, hydrosphere or upper crust, is calculated as: 


AH; = )_(2i- AHy;) (11.1) 
w=1 
AG s = Do a4: (AG yi + RTpInzi) (11.2) 
i=l 


i=l 
whereby 2;, is the molar fraction of the compounds included in each sphere of the 
Earth, and AHy;, AG; and b.,,;, their enthalpy, Gibbs free energy and chemical 
exergy in kJ/mol, respectively. 
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Enthalpy and Gibbs free energy of the substances presented here are obtained 
either through the literature or the estimation methods described in Valero D. et al. 
(2012). Remember also that the chemical exergy of the substance (ben ;) in kJ/mol 
is calculated with Eq. (9.29): 


beni = AG + Se thibeny 
j 
where b,;,; is the standard chemical exergy of the elements that compose substance 
i as shown in Table 9.1. The average enthalpy, Gibbs free energy and exergy of the 
Earth’s layers, can be expressed in mol/g by substituting x; with the molar fraction 
€; for the 7 constituents of each sphere. Eq. (11.4) connects both properties through 
the molecular weight of the sphere considered (MW sphere): 


y= &i y MW sphere (11.4) 


In the next sections, the specific and global standard properties of the sub- 
stances that compose the atmosphere, hydrosphere and upper continental crust are 
calculated. 


11.2.1 The thermodynamic properties of the atmosphere 


Table 11.1 shows the standard thermodynamic properties of the substances con- 
tained in the atmosphere (on a dry basis), according to the composition provided 


in Sec. 5.3.1. Values for AH?, and AG‘, are taken from Weast et al. (1986). 


Table 11.1: Thermodynamic properties of the atmosphere. Values of AH}, 
AG? ., b°, . in kJ/mol 


fi? chi 
Substance Formula ai -] AHF, AGE, bhi 
Nitrogen No 7.81E-01 0.0 0.0 0.72 
Oxygen Oz 2.09E-01 0.0 0.0 3.97 
Argon Ar 9.34E-03 0.0 0.0 11.7 
Carbon dioxide CO 3.60E-04 -393.7  -394.4 19.9 
Neon Ne 1.82E-05 0.0 0.0 27.2 
Helium He 5.24E-06 0.0 0.0 30.4 
Methane CH, 1.70E-06 -74.8  -50.8 831.7 
Hydrogen Hy 5.50E-07 0.0 0.0 236.1 
Nitrogen oxides NO 5.05E-07 33.2 51.3 55.7 
Nitrous oxide N2O 3.10E-07 82.1 104.2. = 106.9 
Ozone (troposphere) O3 2.55E-O7 142.7 163.3 169.2 
Carbon monoxide CO 1.25E-07 -137.2 -110.6 301.7 
NMHC (assuming ethylene) CH, 1.25E-08 52.3 70.3 1363.0 
Ozone (stratosphere) Oz 5.25E-09 142.7 163.3 169.2 


Continued on next page ... 
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Table 11.1: Thermodynamic properties of the atmosphere. Values of AH}, 

AGS 0 bo, in kJ/mol. — continued from previous page. 
Substance Formula x; [-] AH t , “BGS <0 
Hydrogen peroxide 202 5.05E-09 -191.3 -131.9 108.2 
Formaldehyde C'H20 5.00E-10 -117.2) -113.0 535.3 
Chlorofluorocarbon 12 CF Cl, 5.40E-10 -477.2 -439.5 651.1 
Ammonia NH 5.05E-10 = -46.1 -16.5 338.0 
Sulphur dioxide SO, 5.05E-10 -297.0 -300.3 310.9 
Carbonyl! sulphide OCS 5.00E-10 -142.2 -169.4 850.1 
Chlorofluorocarbon 11 CFCls 2.65E-10 -276.3 -238.6 636.1 
Hydrogen sulphide A2S 2.538E-10  -20.6 -27.9 815.5 
Carbon disulphide C'S. 1.51E-10 117.4 67.2 1692.0 
Carbon tetrachloride CCl, 9.80E-11 -103.0 -60.7 598.1 
Methylchloroform CH3CCl3 6.50E-11 35.6 51.9 1412.9 
Dimethyl sulphide CH3SCH3 5.50E-11  -45.8 -4.4 2131.7 
Hydroperoxyl radical HO: 2.00E-12 20.9 22.6 144.6 
Hydroxy] radical OH 5.00E-14 39.0 34.2 154.3 
Sum 1.00 


According to Table 11.1, the average standard enthalpy, Gibbs free energy and 
chemical exergy of the atmosphere are the following: 


(AH atm = (ei: AH? ;) = —1.42E — 01 kJ/mol 
i=l 


(AG ives = 


=0 


(ben atm 


i=l 


(x; ° AGS; + RTplnz;) = —1.55 kJ/mol 


(a; - b°,,, + RTplnaz;) = 1.06E — 01 kJ/mol 


11.2.2 The thermodynamic properties of the hydrosphere 


In this section, the thermodynamic properties of the main constituents of oceans, 
rivers, groundwaters and glacial runoff are provided. For all subsystems, values for 
AH}, and AG‘, are again taken from Weast et al. (1986). 

Table 11.2 shows the thermodynamic properties of the major substances that 


compose seawater. The composition of the oceans assumed is that of Table 5.5, 
which comprises more than than 99% of them. The more comprehensive composi- 
tion given in Table 5.6 could not be used, as although the concentration of minor 
elements found in seawater are listed, their exact molecular formulas are not speci- 


fied!. 


1For instance, the concentration of vanadium is given, but not the compound which could be any 
one of the following vos, Vt, vet, 
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Table 11.2: Thermodynamic properties of seawater. Values in kJ/mol 


Substance x; [-] AH}, AGY, 2B 


a chi 


HO 9.80E-01 -286.0 -237.3 0.79 
Cl 9.98E-03 -167.2  -131.3 -69.2 
Nat 8.57E-03 -240.2 -262.0 74.6 
Mg?* 9.65E-04 -467.1 -455.0 174.6 
SO4-? 5.16E-04 -909.7  -745.0  -129.8 
Ca? 1.88E-04 -543.1 -553.8 170.0 
ie 1.87E-04 -252.5 -283.4 83.2 
HCO; 3.20E-05 -692.3  -587.1 — -52.9 
Br- 1.54E-05 -121.6 -104.0  -53.5 
F- 1.24E-05 -332.8 -279.0 -0.9 
B(OH)3 5.67E-06 -1072.8 -969.3 19.4 
CO. 4.93E-06 -677.5 -528.1 -111.9 
B(OH); 1.83E-06 -1344.7 -1153.9  -45.1 
Sr2+ 1.64E-06 -547.2  -560.0 198.8 
SUM 1.00 


The average standard enthalpy, Gibbs free energy and chemical exergy of sea- 
water (sw) are subsequently: 


(AH;)sw = —284.9 kJ/mol 
(AG})ew = —237.31 kJ/mol 
cane = 0.57 kJ/mol 


The average standard thermodynamic properties of rivers, according to the com- 
position given by Livingstone (1963) are shown in Table 11.3. 


Table 11.3: Thermodynamic properties of average rivers. Values in kJ/mol 


Substance xi [-] AHF; AGE, Uni 


H20 1.00E+00 R60 -237.2 0.79 
HCO3— 1.72E-05 -692.3 -586.9  -52.9 
Ca*t 6.74E-06 -543.1 -553.5 170.0 
Nat 4.93E-06 -240.2 -261.9 74.6 
Cl- 3.96E-06 -167.2  -131.0  -69.2 
SiOz 3.92E-06 -911.4 -856.7 174.6 
Mg*? 3.04E-06 -467.1 -454.8 174.6 
SO4-? 2.10E-06 -909.7 -774.5 -129.8 
de 1.06E-06 -252.5 -283.3 83.2 


Continued on next page ... 
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Table 11.3: Thermodynamic properties of average rivers. Values in kJ/mol. — 
continued from previous page. 


Substance xi [-] AH¢, AGsi beni 
NO3- 2.90E-07 -207.5 -111.3  -105.1 
Fe?* 2.16E-07 -89.2  -78.9 297.9 


SUM 1.00 


The average standard enthalpy, Gibbs free energy and chemical exergy of rivers 
(rw) are then: 


(AH}) rw = —286.0 kJ/mol 
(AG) rw = —237.2 kJ/mol 
(Jew = 0.79 kJ/mol 


The average standard properties of glacial runoff, obtained from the composition 
provided in Sec. 5.4.3.1, are given in Table 11.4. 


Table 11.4: Thermodynamic properties of glacial runoff. Values in kJ/mol 


Substance x: [-] AH}, AGY, bo; 
HzO 1.00E+00 -286.0 -237.2 0.79 
Nat 1.44E-05 -240.2 -261.9 74.6 
HCO3— 1.42E-05 -692.3  -586.9 -52.9 
Cat? 5.71E-06 -543.1 -553.5 170.0 
SOs? 5.13E-06 -909.7 -774.5 -129.8 
Cl- 3.92E-06 -167.2 -131.0 -69.2 
Mg*? 1.92E-06 -467.1 -454.8 174.6 
kt 9.13E-07 -252.5 -283.3 83.2 


SUM 1.00 


The average standard enthalpy, Gibbs free energy and chemical exergy of glacial 
runoff (gl) are: 


(AH;) 91 = —286.0 kJ/mol 


(AG; )ot = —237.2 kJ/mol 


a) 
(ben)gt = 0.79 kJ/mol 

Since the composition of river water and glacial runoff are almost the same, 
similar thermochemical properties were expected, as corroborated by the figures 
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provided above?. That said, ice sheets and ice caps are an important source of 


other types of exergy (not only chemical). Valero et al. (2002a) demonstrated 
that the thermal and potential exergy components of ice sheets (calculated with 
Eq. (9.27) and ignoring the mechanical and kinetic exergy) are far more important 
than their chemical counterpart. Particularly, the potential exergy is due to the 
fact that 99% of ice sheets are found in Greenland and Antarctica at an average 
altitude of around 2,000 metres. This involves an associated potential exergy of 
9.8 kJ/kg (176.4 kJ/mol). Thermal exergy meanwhile, is related to the extremely 
low temperatures at which most ice sheets are found. Considering an average of 
-28.9A°C, Valero et al. (2002a) obtained that the thermal exergy of ice sheets was 
26.02 kJ/kg (468 kJ/mol). All in all, such figures indicate that the total exergy 
contained in the Earth’s ice sheets is huge, about twice as much as that contained 
in fossil fuel reserves Valero et al. (2002a). Considering the current melting rate 
(estimated at more than 300 billion t/yr - (Rignot and Thomas, 2002)), the planet 
is losing nearly 200 Mtoe of thermal exergy contained in ice sheets every year 
(equivalent to the annual fossil fuel consumption of China). Moreover, if one were 
to replace all ice caps with current technology, about 9,000 times the exergy of the 
world’s fossil fuel reserves would be required. Even if this calculation is of minor 
practical use®, it serves to provide an order of magnitude as to the “treasures” on 
Earth hidden in the form of ice sheets and ice caps, which are slowly but surely 
melting because of human intervention through climate change. 

Going back to the remaining water resources, Table 11.5 shows the estimated 
average standard thermodynamic properties of groundwater with the mean com- 
position assumed to be equivalent to that of the average compositions for granite, 
shale and serpentinite based groundwater given in Table 5.10. 

According to Table 11.5, the average standard enthalpy, Gibbs free energy and 
chemical exergy of groundwater (gw) are then: 


(AH ;)gw = —286.0 kJ/mol 


(AG) gw = —237-4 kJ/mol 
(ben)gw = 0.79 kJ/mol 

Summarising, Table 11.6 shows the standard thermodynamic properties of the 
hydrosphere. It is assumed that the waters of each reservoir are not mixed, so 
therefore the Gibbs free energy and exergy of the mixture term is not taken into 
account. Additionally, the composition of lakes is thought to be equal to that of an 
average river and only the chemical component of ice caps and glaciers are shown. 
Since the ocean constitutes 97% of all Earth’s waters, the global enthalpy, Gibbs 


2They differ in the second decimal place, but this is enough to detect differences in water con- 
ductivities. 

3Ice can also be used for practical applications as thermal energy storage systems for renewable 
for instance. Consequently, the exergy of icebergs could well be used as “renewable ice energy 
storage systems”. 
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Table 11.5 Thermodynamic properties of groundwater. 
Values in kJ/mol 


Substance x; [-] AHS, AG, bo, 
H2O 1.00E+00 -286.0 -237.3 0.79 
HCO3- 6.46E-05 -692.3. -587.1 -52.9 
Ca?t 3.95E-05 -543.1 -553.8 170.0 
SO4-? 2.96E-05 -909.7  -745.0 -129.8 
Mgt? 2.13E-05 -467.1 -455.0 174.6 
SiOz 7.54E-06 -911.4 -857.1 1.1 
Ci- 6.98E-06 -167.2 -131.3 -69.2 
Nat 6.66E-06 -240.2 -262.0 74.6 
Alt 2.05E-06 -531.6 -485.6 308.7 
NO3- 1.47E-06 -207.5  -111.4 -105.1 
Kt 9.67E-O7 -252.5 -283.4 83.2 
Fe?t 5.55E-O7 -89.2 -78.9 297.9 


SUM 1.00 


Table 11.6 Summary of the thermodynamic properties of the hydrosphere. Values in kJ/mol, 
except for the volume which is expressed in Mkm3 


Reservoir Vol. Li AH; i AG, 5 Ochi BK AH} ge Die AG} i eben: 
Oceans 1370 9.73E-01 -284.9 -237.3 0.57 -2.77E+02 -2.31E+02 5.54E-01 
Ice 29 2.05E-02 -286.0 -237.2 0.79 -5.86E+00 -4.86E+00 1.62E-02 
Caps and 

Glaciers 

Groundwater 9.5 6.80E-03 -286.0 -237.4 0.79 -1.94E+00 -1.61E+00 5.38E-03 
Lakes 0.125 1.00E-04 -286.0 -237.2 0.79 -2.86E-02 -2.37E-02 7.92E-05 


Streams 0.0017 1.00E-06 -286.0 -237.2 0.79 -2.86E-04 -2.37E-04 7.93E-07 
and 

Rivers 

SUM 1408.63 1 -284.9 -237.3 0.58 


free energy and chemical exergy of the hydrosphere can be approximated to that of 
seawater. 

It should be noted in the hydrosphere’s tables presented, that the specific chemi- 
cal exergy of all anions is negative. As explained in the previous chapter, chemical 
exergy expresses the minimum work required for chemically combining the refe- 
rence substances dispersed in the reference environment to obtain the resource. If 
the reference substances are more stable than the compound under analysis, then its 
chemical exergy will be negative. In the R.E. used here, which is based on the partial 
stability model of Szargut (1989), the authors have selected reference substances in 
an attempt to avoid the possibility of negative chemical exergies. However, in light 
of the hydrosphere’s results, this hasn’t been fully achieved and the equilibrium 
equilibrium substances found in seawater should be analysed more carefully, so as 
to find more appropriate liquid reference substances. A good starting point would 
be the studies of Pinaev (2006a,b). 
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11.2.3. The thermodynamic properties of the upper continental 
crust 


Table 11.7 shows the standard thermodynamic properties of the major minerals 
that compose the upper continental crust, according to the model developed in 
Chap. 10. Only the references of the experimental values of AH?, and AG‘, are 
provided in the aforementioned table. The remaining values were obtained via 11 
different estimation methods described in Valero D. et al. (2012). The error (+e 
%) associated with the different methods varies from 0 to 10%. Note that it was 
assumed that Thanatia’s composition could be approximated to that of the average 
mineralogical of the upper crust and hence the chemical exergy obtained for the 
upper crust is equivalent to that of Thanatia. 

The average standard enthalpy, Gibbs free energy and chemical exergy of the 
upper continental crust, for an average molecular weight of the crust equal to 
MW, = 155.2 g/mol is (Valero D. et al., 2011): 


(AH})cr = —2300.37 kJ/mol 
(AG er = —2162.56 kJ/mol 


(bn )er = = 3.63 kJ/mol 


It should be stated, that the above values are subject to different sources of 
error. Firstly, the composition of the crust used and the relative proportion of each 
of its minerals €; is based on the crust of the Crepuscular Earth Model developed 
in Chap. 10. It was built ensuring consistency between the chemical composition 
of the crust in terms of elements (which is reasonably well known thanks to the 
contribution of a good number of geochemical studies in the last century), and 
the composition in terms of minerals (for which with the exception of the work 
of Grigor’ev (2007), no significant research had been carried out due to the com- 
plexity and the heterogeneity of the crust). The model was complemented with 
different hypotheses based on geological and geochemical observations. Hence, it is 
expected that €; will be updated in the future as better geological and geochemical 
information becomes available. 


The second source of error stems from assuming only one chemical composition 
per mineral. In fact, any one mineral can have slight variations in composition. 
For instance, the general chemical formula of oligoclase is (Na, Ca)(Si, Al)4Og and 
under that formula, many different chemical compositions of oligoclase may appear. 
In this book it has been assumed that oligoclase (and the remaining minerals) is 
represented by its empirical formula, which is derived from the mineral’s structural 
(molecular) formula by using the published analysis of the mineral or deriving the 
analysis using a basic set of rules (Barthelmy, 2007). 

The third source of error is associated with the different estimation methods 
explained in Valero D. et al. (2012) for obtaining the enthalpy and Gibbs free 
energy of mineral formation. 


Table 11.7: 
(Valero D. et al., 2012). 


Thermodynamic properties of the upper continental crust 


Mineral 


Formula 


€;, mol/g AHT ACY Reference +e, % beh is 
kJ/mol kJ/mol kJ/mol 

Quartz SiO5 3.815-03 -911.6 ~B57.2 Faure (1991) 1.0 
Albite NaAlSiz0g 5.14B-04 -3927.6 -3704.5 Faure (1991) 4.8 
Oligoclase Nao gCag 2 Aly.9Si2.gOg 4.49E-04 -3977.3 -3754.3 Faure (1991) 20.5 
Orthoclase/ KAISi3 0g 4.22-04 -3977.5 -3752.1 0 -12.8 
K-feldspar 
Andesine Nag.gCaog.4Aly.4Si2,608 2.03B-04 -4041.7 -3818.3 Faure (1991) 22.0 
Opal SiOg: 0.5H2O 1.42E-04 -1044.5 -967.9 5 9.3 y 
Augite Cag.9Nao.1Mgo,.9F ee 4 Alo.4Tig,1 Si1,906 1.27E-04 -3201.5 -3026.8 Robie and Hem- -446.9 = 

ingway (1995) 
Labradorite Nag,5Cag,5Al1,5Si2.508 9.25B-05 -4072.3 -3848.9 Faure (1991) 24.1 & 
Biotite K(Mgo.5Feo.5)(Si3Al)O19 (OH)1.75 Fo.25 8.80E-05 -6079.4 -5706.7 1 78.6 Ry 
Calcite CaCO3 8.00E-05 -1207.7 -1129.0 Faure (1991) 11.0 S 
Hydromuscovite/ K0.6(H30)0.4Al2 Mgao.aFeg) Siz.5019(OH)2 7.73B-05 -5694.5 -5307.2 1 182.8 < 
Illite S 
Sillimanite Aly SiOx 6.15B-05 -2587.4 -2441.0 Faure (1991) 11.7 = 
Paragonite NaAl3 $i3019(OH)2 4.95B-05 -5932.5 -5557.6 Faure (1991) -15.7 S 
Nontronite Nag 3Fe3t (Siz.7 Alg.3)O019(OH)2 - 4(H20) 3.88B-05 -6841.0 -5447.7 0.6 18.0 ay 
Magnetite Fe3* Fe?t+ O04 3.43B-05 -1118.3 -1015.9 Faure (1991) 122.6 & 
Kaolinite Alg SigO5(OH)4 3.24B-05 -4117.7 -3796.0 Faure (1991) -9.0 md 
Tlmenite Fe2+TiOg 3.10B-05 -1237.2 -1163.5 Faure (1991) 123.7 = 
Diaspore ALO(OH) 2.95B-05 -998.1 -917.6 Faure (1991) -1.3 a 
Hornblende-Fe CagFe3? Alo 75 Feb 55 (Siz AlO2)(OH)2 2.78E-05 -10976.4 -10303.7 398.5 = 
Muscovite K Al3Si3019(OH)1,3F0.2 2.54B-05 -5991.3 -5616.6 1 -13.1 e 
Titanite CaTiSiOs 2.28B-05 -2597.1 -2455.1 0 37.2 a 
Almandine Fe3t Alg(SiO4)3 2.09B-05 -5305.5 -4969.8 Faure (1991) 335.7 = 
Graphite C 2.01B-05 0.0 0.0 Faure (1991) 410.3 = 
Ripidolite (M 93.75 Fe1.25Al) (Siz Al)O19(OH)2(OH)6 2.01B-05 -8429.2 -7788.2 0.6 175.2 = 
Epidote Cag Fe%t Alg(SiO4)3(OH) 1.87E-05 -6466.1 -6076.3 Faure (1991) 43.1 = 
C org Cc 1.84E-05 N.A. N.A. N.A. 2. 
Hydragillite/ AU(OH)3 1.77E-05 -1282.2 -1155.8 Faure (1991) -1.4 by 
Gibbsite & 
Diopside CaMgSin0g 1.40E-05 -3031.2 -3026.3 Faure (1991) 47.4 2 
Beidellite Nap .33 4l2.333%3.67 O10(OH)2 1.39E-05 -5691.6 -5317.2 1 39.4 S 
Ankerite CaPeg's Mgo.3Mng 4 (CO3)2 1.36B-05 -2076.8 -1923.1 10 96.6 3 
Aegirine NaFe®* Siz 06 1.32E-05 -2585.5 -2417.2 Robie and Hem- 16.5 & 

ingway (1995) 
Andalusite Al2SiOg 1.25E-05 -2590.4 -2443.0 Faure (1991) 9.7 
Hyperstene MgFe2+ Six0g 1.17E-05 -2757.4 -2594.6 Faure (1991) 132.2 
Goethite Fe? + O(OH) 1.17B-05 -559.4 -489.2 Faure (1991) 9.7 
Halite NaCl 1.01B-05 -386.3 -384.4 Faure (1991) 14.3 
Bochmite ALO(OH) 9.65E-06 -988.1 -914.1 Faure (1991) 2.2 
Bytownite Nag.2Cag.gAl1,8Si2.208 9.08E-06 -4186.8 -3960.7 Naumov et al. 10.5 

(1971) 
Phosphate rock Ca3(PO4)2 8.99E-06 -3886.6 -3878.2 Faure (1991) 32.4 
Natrolite Nag Aly Siz019 - 2(H2O) 7.82B-06 -5722.1 -5316.6 Faure (1991) 3.8 
Dolomite CaMg(CO3) 7.63B-06 -2327.9 -2167.9 Faure (1991) 18.0 
Clinochlore Mg3.75Fe1,95Al2 Siz019(OH)g 7.33B-06 -8435.5 -7796.6 1 166.8 
Montmorillonite Nag.165C29,084Al2.33 Si3.67010(OH)2 6.52B-06 -5523.8 -5354.5 1 39.6 
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Mineral 


Formula 


€;, mol/g AHY ACY |, Reference +e, % beh is 
kJ/mol kJ/mol kJ/mol 
Lawsenite CaAlg Sig07(OH)3 Ha0 6.36E-06 ~4812.8 -4510.6 5 32 
Riebeckite Nag Fes" Fes" (SigOg9)(OH)2 6.14E-06 -10087.1 -9399.5 ty) 275.2 
Hematite Fe 903 6.05E-06 -826.1 -742.2 Faure (1991) 17.4 
Sepiolite Mg4S8igO15(OH) 9 « 6(H20O) 5.67E-06 -10123.7 -9257.8 Faure (1991) 84.2 
Hydrobiotite (Ko.3Ca9.1)(Mg2.3Fe3% 5.26E-06 -7362.2 -6238.9 5 46.2 
Alg,1)(Si2.g 4l1.2)010((OH)1.8F0.2) : 3(H20) 
Ulvoespinel TiFes' O4 5.21E-06 -1489.4 -1392.9 10 273.1 
Distene/ Kyanite Aly SiOx 4.37E-06 -2593.7 -2442.0 Faure (1991) 10.7 
Cummingtonite/ Mg7(SigOQg2)(OH) 9 3.73E-06 -12070.0 -11343.0 Robie and Hem- 181.6 
Anthopyllite ingway (1995) 
Glaucophane Nag(Mqg3Alg)SigO22(OH)2 3.65E-06 -12080.6 -11346.7 Faure (1991) -78.8 
Celestine SrSO4 3.65E-06 -1454.1 -1341.6 Faure (1991) 32.4 
Prehnite Caz Aly Siz019(OH)2 3.58E-06 -6197.3 -5823.0 Faure (1991) 35.7 
Rutile TiO, 3.41E-06 -945.4 -890.1 Faure (1991) 18.3 
Barite BaSO4 3.04E-06 -1470.4 -1361.9 Faure (1991) 18.8 
Niter KNO3 2.96E-06 -495.0 -395.2 Faure (1991) -22.3 
Nitratine NaNO3 2.96E-06 -468.2 -367.1 Faure (1991) -24.2 
Pennine (M 93.75 Fe1.95 Al) (Siz AI)O19(OH)2 (OH) 2.87E-06 -8429.2 -7788.2 0.6 175.2 
Actinolite Cag Mg3 Feg Sig099(OH)2 2.82E-06 -11519.4 -10801.5 1 405.9 
Pyrite FeS5 2.75E-06 -175.0 -163.3 Faure (1991) 1428.1 
Sanidine Ko0.75Nag_95 AlSi3 Og 2.67E-06 -3860.7 -3715.9 1 15.9 
Hastingsite NaCagFe4t Fe3+ (Sig AlyO22)(OH)2 2.60E-06 -11926.3 -11343.4 Karzhavin 245.5 
(1991) 
Ferrosilite Fe2+ MgSi206 2.32E-06 -2757.4 -2594.6 Faure (1991) 132.2 
Zircon ZrSiOg 2.11E-06 -2034.8 -1919.5 Faure (1991) 20.0 
Siderite Fe2+COz 2.08E-06 -742.3 -671.1 Faure (1991) 122.0 
Spodumene LiALSin Og 2.06E-06 -3056.8 -2882.9 Faure (1991) 24.6 
Pigeonite M91.35 Fe0.55Ca0.1(Si20¢6) 1.99B-06 -1535.4 -1448.8 1 1401.1 
Leucoxene CaTiSiOs 1.90B-06 -2591.6 -2454.8 Faure (1991) 37.5 
Pyrrhotite Fe2ts 1.79B-06 -105.5 -100.5 Faure (1991) 883.6 
Lepidomelne/ KFe3t Mao.5 Feb ts Alo.25Si3019(OH)2 1.78E-06 -4995.0 -4642.3 1 284.8 
nnite 

Bronzite MgFeSig0¢ 1.77E-06 -2753.4 -2585.3 0 141.5 
Anhydrite CaSO4 1.73E-06 -1435.1 -1322.7 Faure (1991) 16.3 
Serpentine/ Mg3Si905(OH)4 1.64E-06 -4363.4 -4035.4 0 51.9 
Clinochrysotile 
Olivine Mg1.6Fe2 4 (SiO4) 1.53E-06 -2083.3 -1925.0 1 95.3 
Enstatite Mg2Si20¢ 1.39E-06 -3055.5 -2919.9 Faure (1991) 59.6 
Corundum Al 03 1.20B-06 -1668.9 -1563.0 Faure (1991) 31.5 
Thuringite/ (Fe3 Mga Feat Alp t) (Siz Al)O19(OH)2 1.14E-06 -7596.0 -6981.9 0.6 -389.8 
Chamosite 
Neptunite KNagliFe; & Mngt TigSigOo4 1.10E-06 -10724.6 -10061.3 10 868.9 
Sphalerite Zns 1.02E-06 -206.1 -201.4 Faure (1991) 744.9 
Analcime NaAlSi20¢ - (H20) 1.01B-06 -3310.2 -3088.5 Faure (1991) 0.8 
Anorthite CaAlgSig0g 9.90E-07 -4274.4 -4021.0 Faure (1991) 1 15.6 
Rhodochrosite MnCO3 9.48E-07 -894.7 -817.1 Faure (1991) 83.8 
Chromite Fe2+Crg04 8.83E-07 -1445.7 -1358.4 Faure (1991) 195.1 
Gypsum CaSO4 -2H2O 7.96E-07 -2024.0 -1798.6 Faure (1991) 16.6 
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Table 11.7: Thermodynamic properties of the upper continental crust 


(Valero D. et al., 2012). — continued from previous page. 


Mineral 


Formula 


€;, mol/g AHY ACY |, Reference +e, % behis 
kJ/mol kJ/mol kJ/mol 

Apatite Cag (P04)3(0H)o.33 Fo.a3Clo.33 7.01B-07 -6773.4 -6386.9 5 "7.2 
Staurolite Fe*+ Alg Sig 093(OH) 7.68E-07 -12066.8 -11215.6 Faure (1991) 269.1 
Tale Mg3Si4019(OH)2 7.67E-07 -5907.2 -5543.0 Faure (1991) 22.6 
Aragonite CaCOz 7.64E-07 -1207.9 -1128.6 Faure (1991) 11.4 
Clinozoisite Cag Al3(Si04)3(OH) 7.51B-07 -6883.9 -6483.9 Faure (1991) 53.0 
Vermiculite M93Si4019(OH) - 2(H20) 6.78E-07 -7018.8 -5957.2 Faure (1991) 10 997.1 
Tephroite Mn5* (SiO4) 6.30B-07 -1733.3 -1632.1 Faure (1991) 199.3 3 
Thomsonite NaCagAls Siz Oo9 - 6H2O 6.19B-07 -12413.7 -11543.9 1 -49.1 & 
Zoisite Cag Alz Si3012(OH) 5.68E-07 -6883.9 -5416.5 Faure (1991) 1120.4 by 
Pyrolusite MnOo 5.64E-07 -520.4 -465.2 Faure (1991) 23.4 Ss 
Anatase TiO, 5.59E-07 -940.4 -883.7 Faure (1991) 24.7 g 
Psilomelane BagMn3t Mn} 5019 - 2H20 5.10B-07 -2569.1 -2347.2 1 465.2 2 
Nepheline Nag.75K0.25 Al(SiO4) 5.09E-07 -2087.6 -1972.4 1 28.1 S 
Forsterite Mqg2S8iO4 4.95E-07 -2175.5 -2057.8 Faure (1991) 63.6 ~ 
Jadeite NaAlg.g Fes} (Sig 06) 4.78E-07 -2990.4 -2812.1 1 -2.7 s 
Spessartine Mn3* Alg(SiO4)3 4.77E-07 -5646.3 -5326.3 Holland and 302.6 ® 

Powell (1998) ies} 
Monazite (Ce) Ceg,.5Lag.25Ndg.9 Tho.95(POa) 4.29E-07 -2074.0 -1943.3 10 -43.3 8 
Tremolite Cag MgsSigQ29(OH) 4.28E-07 -12367.8 -11639.3 Faure (1991) 73.7 & 
Crossite Nag MgoFe2* Alg(SigO22)(OH)2 4.06E-07 -11600.3 -10925.8 1 89.3 
Braunite Mn?+ mMnd* sidy2 4.06E-07 -4260.0 -3944.7 Robie and Hem- 325.8 8 

ingway (1995) a 
Chalcopyrite CuFeSo 3.62E-07 -194.6 -195.1 Robie and Hem- 1530.3 =: 

ingway (1995) & 
Sassolite H3BO3 3.60E-07 -1095.1 -969.0 Faure (1991) 19.7 = 
Magnesite MgCO3 3.58E-07 -1114.1 -1030.2 Faure (1991) 15.6 S 
Imenorutile Tig.7Nbo.15F ep 9502 3.22B-07 -864.6 -813.2 1 45.5 = 
Witherite BaCO3 3.04E-07 -1217.1 -1137.6 Faure (1991) 44.1 = 
Stilpnomelane K5 Fegg Als Sig7O16g(OH)4g - 36H2O 2.77E-07 -99933.0 -91181.96 0 4607.3 2 
Hedenbergite CaFe?t Sin Og 2.75E-07 -2842.4 -2676.1 Faure (1991) 8651.4 y 
Hollandite Bag.gPbo,2Nag.125 Fe1.3Alo.25i9.1 Mngt Mngt O16 2.63E-07 -4733.3 -4330.4 1 288.3 39 
Fayalite Fest SiO4 2.34E-07 -1480.9 -1369.2 Faure (1991) 246.6 3 
Rhodonite Mn?t Sidg 2.32E-07 -1321.6 -1243.1 Faure (1991) 101.7 a 
Cristobalite SiOg 2.06E-07 -910.1 -855.5 Faure (1991) 2.7 ® 
Pumpellyte Cag MgAlg(SiO4)(SigO7)(OH)2 - HO 1.89E-07 -7148.6 -6672.5 1 57.9 
Phlogopite K M3 AlSi3019 F(OH) 1.58E-07 -6292.8 -5902.2 1 128.1 
Manganite MnO(OH) 1.55E-07 -622.4 -557.3 10 49.4 
Fluorite CaFp 1.44B-07 -1220.5 -1168.1 Faure (1991) 111.9 
Amblygonite Lig.75 Nag.25 Al(PO4) Fo.75(OH)9.25 1.29B-07 -307.1 -282.7 10 1998.6 
Vesuvianite Caio Mg2 Al4(SiO4)5(Si2O7)2(OH)4 1.20E-07 -21175.8 -19948.7 Holland and 219.0 

Powell (1998) 
Jacobsite Mngt Feot,Ma?t Fett Mngt o4 1.20B-07 -1237.4 -1137.5 5 711.5 
Bastnaesite La(CO3)F : : 1.16E-07 -1660.9 -1527.8 5 160.8 
Arfvedsonite Na3Feqt Fe ®t (SigOg2)(OH)2 1.09B-07 -11926.3 -11201.5 Karzhavin -1190.2 

(1991) 
Spinel MgAlg0O4 1.07E-07 -2281.0 -2172.5 Faure (1991) 53.6 
Lepidolite K Lig AlSi4 O19 F(OH) 1.03E-07 -6003.2 -5654.7 1 126.7 
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Mineral Formula €;, mol/g AHY -? Act D Reference +e, % beh is 
kJ/mol kJ/mol kJ/mol 
Cordierite M93 Al4Sig Oj 9.52E-08 -9114.7 -8603.9 Faure (1991) 139.2 
Kernite NajO + 2B303 -4H20 8.99E-08 -4104.9 -3713.1 5 440.8 
Pyrophyllite Alg Si4O19(OH)2 8.93E-08 -5632.5 -5257.6 Faure (1991) 7.6 
Francolite Cas (PO4)2.63 (CO3)0.5F1.11 8.68E-08 -5984.4 -5698.1 1 724.7 
Orthite/ Allanite Ca(Ceg.4Cag,2Y9,133) (Ala Fe3+ )Siz3012(OH) 7.81E-08 -6481.6 -6055.4 1 32.3 
Pentlandite Fe; i Nig.5 88 7.44B-08 -778.3 -766.2 10 6833.9 
Ulexite NaCaBs06(OH)g: 5H20 7.19E-08 -6762.2 -6151.5 0 -25.5 
Scapolite/ Nag Al SigQg4Cl 6.34E-08 -12197.4 -11504.2 0 22.5 
Marialite 
Chloritoid Fe? Mgo.6Mngy AlaSi2019(OH)4 6.18E-08 -6606.9 -6152.6 1 159.8 
Pollucite Cs9.gNao0.9Rbo.1 Alo.9 Sig.1 Og - (H2O) 6.14E-08 -3297.1 -3074.2 10 10.0 
Colemanite CazBgO14- 5H30 5.99E-08 -6949.7 -6277.0 5 -796.8 
Beryl Be3 Aly SigO1g 5.99B-08 -9006.5 -8500.4 0 56.9 
Marcasite FeS2 5.24E-08 -154.9 -156.6 Weast et al. 1434.8 
(1986) 
Grossular Cag Alg(SiO4)3 4.62E-08 -6631.1 -6281.0 Faure (1991) 65.4 
Vaesite Nid 4.23E-08 -134.2 -126.4 Wolery and 1320.6 
Daveler (1992) 
Gedrite M5 Alo (Sig AlzO092)(OH)2 4.12E-08 -12319.7 -11584.2 0 149.9 
Tourmaline/ NaFe3" Alg(BO3)3 Sig O1g(OH)4 4.09E-08 -14401.4 -13453.5 0 377.6 
Schorl 
Wollastonite CaSiO3 4.08E-08 -1631.6 -1550.9 Faure (1991) 33.1 
Clementite Fe3* Mg1.5Al Fe>+ Siz AlO12(OH)6 3.81E-08 -7657.8 -7043.1 1 303.9 
Cryptomelane Kg(Mn2k Mng’) O16 3.09E-08 -3743.6 -3432.2 1 3409.1 
Kieserite MgSOq4 ° (H20) 3.06E-08 -1602.1 -1428.7 Wagman et al. 54.2 
(1982) 
Arsenopyrite FeAsS 2.89E-08 -41.9 -50.2 Faure (1991) 1428.0 
Galena PbS 2.79B-08 -100.5 -95.9 Faure (1991) 743.6 
Murmanite NagTiz ¢Nb9.4(SigO7)204 - 4(H2O) 2.78E-08 -9804.0 -9096.6 10 270.5 
Sylvite KCL 2.74E-08 -437.0 -410.2 Faure (1991) 18.5 
Brucite Mg(OH)9 2.71E-08 -925.9 -834.8 Faure (1991) 34.9 
Anthophyllite Mg7SigO22(OH) 2.67E-08 -12094.6 -11396.0 Faure (1991) 128.6 
Ferrocolumbite Fe2+ Nb, 06 2.40E-08 -2172.8 -2018.6 10 170.5 
Covellite Cus 2.27E-08 -53.2 -53.6 Faure (1991) 687.7 
Vernadite Mng Fee yCag.2 Nao.101,5(OH)o.5 - 1.4(H20) 2.18B-08 -637.8 -571.4 1 369.5 
Thorite ThSiO4g 2.13E-08 -2160.5 -2048.8 5 27.8 
Nickeline NiAs 2.04E-08 N.A. N.A. N.A. 
Sapphirine Mg4Alg 5 Si1,5020 2.04E-08 -10563.3 -9962.9 Faure (1991) 2366.3 
Andradite Caz Fes" (Si04)3 1.96E-08 -5764.4 -5419.4 Faure (1991) 92.1 
Chrysobery] BeAlyO4 1.80E-08 -2302.3 -2178.2 Faure (1991) 20.9 
Cassiterite SnOg 1.73E-08 -581.1 -519.6 Faure (1991) 32.0 
Violarite Fe?+ NigS4 1.72B-08 -378.0 -368.9 1 2902.0 
Todorokite NagMn4t Mn3* O19: 3H20 1.34E-08 -4037.4 -3576.5 1 742.6 
Cubanite CuFe 33 1.33E-08 -293.7 -302.8 1 2406.7 
Topaz Alg(Si04)F1,1(OH)o.9 1.29B-08 -3044.4 -2875.2 5 -11.4 
Glauconite (Ko.6Nao.05) (Fees Mao.aFeg 5 Ale ts) 1.21B-08 -5150.3 -4785.6 0.6 52.1 
(Si3.gAlg.2)019(OH)2 
Garnierite (Nig Mg)SigO5(OH)4 1.18E-08 -3494.6 -3267.1 1 25.9 
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Table 11.7: 


(Valero D. et al., 2012). — continued from previous page. 


Thermodynamic properties of the upper continental crust 


Mineral 


Formula 


AHY 


€;, mol/g Fv ACY |, Reference +e, % beh is 
kJ/mol kJ/mol kJ/mol 
Molybdenite MoS9 1.14E-08 -271.8 -262.8 Robie and Hem- 1682.2 
ingway (1995) 
Clinohumite M 6.75 Fe2,258%4016(OH)0.5F 1.5 1.10E-08 -8966.4 -8410.0 1 613.5 
Tridymite SiOg 1.05E-08 -909.7 -855.9 Faure (1991) 2.3 
Euxenite Yo.7Cag,2Ceg,1(Tag.2)2(Nb9.7)2(Ti9.025)06 1.025-08 -2671.5 -2506.3 10 136.7 
Gersdorffite NiAsS 9.70E-09 N.A. -144.3 Lynch (1982) 1189.5 
Jarosite KFe3t (S04)9(OH)¢ 9.57B-09 -3521.7 -3318.7 10 129.0 
Humite M 95.25 Fey 75 (SiO4)3 Fy.5(OH)0.5 9.46B-09 -6953.7 -6512.3 5 516.2 
Scheelite CaWO4 9.28E-09 -1646.2 -1419.6 Faure (1991) 139.8 
Kornerupine Mg1.1Fe9.2Als.7 (Si3.7Bg,3)O17.2(OH) 9.24E-09 -9172.9 -8624.8 1 173.8 
Omphacite Cag.6Nag.4M 99.6 Alo.3Feg.1Si206 7.48B-09 -3075.5 -2904.3 1 38.7 
Phenakite BegSiO4g 7.31E-09 -2146.2 -2033.3 Faure (1991) 34.1 
Hisingerite Fe3* SigO5(OH)4 . 2(H2O) 6.25B-09 -3229.6 -2895.6 Vieillard (2002) 532.7 
Uraninite UO, 5.60E-09 -1085.6 -1032.5 Faure (1991) 167.6 
Malachite Cug(CO3)(OH)2 5.46E-09 -1052.1 -906.0 Faure (1991) 18.3 
Strontianite Sr0O3 5.34E-09 -1220.9 -1140.1 Faure (1991) 34.9 
Brookite TiOg 5.27E-09 -942.4 -821.9 Faure (1991) 86.5 
Perovskite CaTiO3 5.10E-09 -1662.2 -1575.7 Faure (1991) 58.5 
Yttrialite Y1.5Tho,5SigO7 4.64B-09 NAA. N.A. N.A. 
Azurite Cu3(CO3)2(OH)2 4.38B-09 -1633.3 -1447.5 Faure (1991) 27.1 
Copper Cu 3.90B-09 0.0 0.0 Faure (1991) 134.0 
Pyrochlore NaCaNb306(OH)o,75 Fo.25 3.47B-09 -2897.9 -2687.3 10 345.0 
Bertrandite Be4gSigQO7(OH)2 3.38E-09 -4586.1 -4300.6 10) 72.3 
Aenigmatite Nag Fes* TiSigO29 3.16E-09 -8184.4 -7660.9 10 -164.8 
Carnotite Kg(UO3)9(VO4) - 3H2O 2.80E-09 -4907.3 -4585.5 Langmuir 720.9 
(1978) 
Palygorskite MgAlSi,Oj19(OH) - 4(H20) 2.77E-09 -6368.4 -5852.6 1 80.3 
Dietzeite Cag(I03)9(CrO4) 2.76B-09 -2425.4 -2148.1 10 78.7 
Lautarite Ca(IO3)Q 2.76E-09 -1002.5 -839.3 Wagman et al. 71.4 
(1982) 
Bornite Cu5FeS4 2.65E-09 -334.5 -393.1 Faure (1991) 3083.0 
Dawsonite NaAl(CO3)(OH)2 2.51E-09 -1965.3 -1787.3 Faure (1991) -0.1 
Cryolite Nag3AlF¢ 2.36E-09 -3311.3 -3144.7 Faure (1991) 327.9 
Orpiment As283 1.85E-09 -169.1 -168.7 Faure (1991) 2641.2 
Sulphur Sg 1.84E-09 0.0 0.0 Faure (1991) 4858.2 
Zinc an 1.55E-09 0.0 0.0 Faure (1991) 339.0 
Helvine/ Helvite Mn,gBe3(Si04)33 1.45E-09 -5843.9 -5532.4 10 1407.7 
Carnallite KMgCl3 - 6(H20) 1.45E-09 -2946.7 0.0 Harvie et al. 2611.0 
(1984) 
Gadolinite Yo Fe2+ Beg(SigO019) 1.41B-09 -5220.0 -4943.3 10 299.7 
Xenotime YbPO4 1.38E-09 -1868.6 -1790.3 Vieillard and 24.2 
Tardy (1984) 
Nosean NagAlgSigQg4SO4 1.29E-09 -13936.7 -13131.5 5 115.0 
Wolframite FeGt Mno.5WO4 1.06B-09 -1246.2 -1146.4 1 120.0 
Hydrosodalite NagAlgSigQ2q4(OH)g 9.06E-10 -13408.5 -12678.2 5 193.1 
Cerussite PbCO3 8.27E-10 -700.0 -627.5 Faure (1991) 20.9 
Stibnite Sb2S83 8.10E-10 -175.0 -173.7 Faure (1991) 2522.3 
Greenockite Cds 8.01E-10 -162.0 -156.5 Faure (1991) 743.9 
Chalcocite Cu2S 6.83E-10 -79.5 -86.2 Faure (1991) 789.1 


Continued on next page... 
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Table 11.7: 


Thermodynamic properties of the upper continental crust 
(Valero D. et al., 2012). — continued from previous page. 


Mineral Formula €;, mol/g AHY - Act - Reference +e, % beh is 
kJ/mol kJ/mol kJ/mol 
Smithsonite ZnCO3 6.36-10 -813.3 ~731.9 Faure (1991) 23.3 
Bloristinndite/ U9.3Ca9.2Nbo.9Tio.g Alo.1 Fes | T40,506(OH) 4.96B-10 -2884.5 -2683.8 10 90.0 
Betafite 
Loparite - (Ce) Nag.gCe9.22L49.11Ca9,1Ti9.gNb9,203 4.81E-10 -1430.8 -1343.6 10 181.6 
Pleonaste/ Magne- | MgFe3+O4 4.40B-10 -1429.4 -1351.0 Faure (1991) 40.2 
sioferrite 
Eudyalite NagCag Feet Mno.3 ZrSigO29(OH)1,.5Cl.5 4.30B-10 -11859.9 -11062.9 1 335.0 
Sirtolite ZrSiO4 4.02E-10 -2034.8 -1919.2 Faure (1991) 20.3 
Bischofite MgCl - 6(H2O) 3.96E-10 -2500.7 -2116.4 Faure (1991) 66.0 
Tin Sn 3.87E-10 0.0 0.0 Faure (1991) 547.6 
Anglesite PbSO4 3.82E-10 -920.0 -784.5 Faure (1991) 62.9 
Ramsayite/ Loren- NagTigSigO09 3.62E-10 -4360.1 -4103.9 10 104.3 
zenite 
Ferrotantalite Fe2+Ta20¢ 3.07B-10 -2319.3 -2163.9 10 174.5 
Lead Pb 3.05E-10 0.0 0.0 Faure (1991) 232.2 
Chondrodite M 93.75 Fey 55 (Si04)2F1.5(OH)0.5 2.93B-10 -5023.0 -4701.4 5 332.2 
Arsenolite As303 2.80E-10 -659.8 -579.1 Faure (1991) 415.0 
Cinnabar HgS 2.46B-10 -58.2 -50.7 Faure (1991) 671.3 
Totsite FeO 2.38E-10 -272.1 -251.5 Faure (1991) 127.3 
Britholite Cag.9Cey.gTho.6Lay,4Ndo.2Si2,7P0,5012(OH)o.gFo.2  2-18E-10 -7057.3 -6666.9 10 613.9 
Sodalite Nag Alg Sig 024Cla 2.05B-10 -13457.0 -12703.6 Komada et al. 51.9 
(1995) 
Native silver Ag 1.94E-10 0.0 0.0 Faure (1991) 69.7 
Axinite- Fe CagFe2t Alg BO3Si4019(OH) 1.93E-10 -7640.4 -7180.9 10 427.3 
Realgar As4S4 1.40E-10 -140.3 -132.7 0 4272.6 
Bismuth Bi 1.30E-10 0.0 0.0 Faure (1991) 274.8 
Bismutite Big(CO3)O9 1.19E-10 -968.0 -888.7 10 81.1 
Rhabdophane Cep.75La9.95(PO4) - H2O 1.03E-10 -1964.9 -1821.9 1 325.0 
Bismite B,203 9.91B-11 -574.3 -493.7 Faure (1991) 61.9 
Bismuthinite BigS3 9.91E-11 -143.2 -140.6 Faure (1991) 2230.8 
Baddeleyite ZrOg 9.75B-11 -1101.3 -1043.3 Faure (1991) 38.1 
Fergusonite Ndg.4Ceg.4Smo,1¥0.1NbO4 8.08E-11 -2808.3 -2631.2 10 -717.4 
Cobaltite CoAsS 5.06E-11 -163.1 N.A. 1 N.A. 
Smaltite CoAsg 5.06B-11 -61.5 N.A. Wagman et al. N.A. 
(1982) 
Argentite AgoS 4.99E-11 -29.4 -39.4 Faure (1991) 707.3 
Cancrinite NagCapg Alg Sig O94 (CO3)2 4.20B-11 -14980.9 -14136.3 10 101.8 
Moissanite SiC 3.51E-11 -62.8 -60.3 Faure (1991) 1204.1 
Uranium- Thorite ThSiO4 3.18E-11 -2160.5 -2048.8 5 27.8 
Powellite CaMo04 3.05E-11 -1542.4 -1434.7 Faure (1991) 27.6 
Chevkinite Cey,7Lay.4Cag.gTho.1 Fe, gMg0.5 Ti2.5FegtSi4022 — 2.76E-11 -10499.8 -9894.5 10 1006.2 
Acanthite AgoS : : 2.74E-11 -32.4 -40.3 Faure (1991) 706.4 
Lavenite Nay,1Cag.gMngt Feat Zro gTig.1 Nbo,1(Si2O7) 2.59E-11 -4191.1 -3925.1 10 473.7 
00.6(9F)o0.3F0.1 
Pyrargirite Ag3SbS3 2.38B-11 -131.5 -142.2 5 2325.9 
Linnacite C0384 1.69B-11 -307.3 -323.6 Faure (1991) 3032.2 
Thorianite ThOg 1.56B-11 -1227.2 -1169.6 Faure (1991) 48.8 
Troilite Fes 1.19E-11 -100.5 -99.9 Faure (1991) 884.2 
Microlite Nag.4Ca1.6Ta206.6(OH)9.3F0.1 8.71B-12 -3208.3 -3004.3 10 315.1 


Continued on next page... 
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Table 11.7: Thermodynamic properties of the upper continental crust 


(Valero D. et al., 2012). — continued from previous page. 


Mineral Formula €;, mol/g AHY -? Act D Reference +e, % beh is 
kJ/mol kJ/mol kJ/mol 
Delorenzite? Tan-  Yo,7Cag.9Ce€o,12(Lag,7)2(Nb9.2)2(1i9.1)05.5(0H)p9,5 8 .33E-12 =2721.2 =2549.9 10 54.6 
teuxenite 
Stephanite Ags SbS4 7.72H-12 -166.1 -184.5 5 3030.3 
Naegite ZrSiO4g 6.98E-12 -2034.8 -1919.2 Faure (1991) 20.3 
Gold Au 6.47E-12 0.0 0.0 Faure (1991) 51.5 
Lamprophyllite NagSrBaTizSi4gO,6(OH)F 5.61H-12 -8401.2 -7865.3 10 892.0 
Chlorargirite AgCl 5.47E-12 -127.2 -109.9 Faure (1991) 22.0 
Periclase MgO 3.77E-12 -602.2 -569.5 Faure (1991) 62.1 
Chrysocolla CugSi2g06(H20)4 3.54E-12 -3279.4 -2964.6 10 -23.9 
Freibergite Ag7.2Cug.6 Fe? Sb3 As813 3.52B-12 -703.2 -727.5 10786.0 
Metacinnabar HgS 3.17E-12 -53.6 -47.7 Faure (1991) 674.3 
Vivianite Fe3(PO04)2(H2O)g 2.59H-12 -4608.4 -4428.2 10 346.2 
Cooperite Pto.6Pdo.3Nig.18 2.11B-12 -79.8 -73.8 1 688.3 
Miserite KCagCe3 Sig029(OH)1.5Fo.5 2.00B-12 -11738.2 -11035.1 10 1138.1 
Tortbernite Cu(UOg)2(PO4)2 - 8(H20) 1.81B-12 -4455.9 -4129.8 Langmuir 143.6 
(1978) 
Weinschenkite YPO4 1.68B-12 -1987.7 -1871.1 0 -35.2 
Wulfenite PbMoO4 1.66B-12 -1112.9 -952.8 Faure (1991) 17.8 
Loellingite FeAs9 1.30H-12 -85.7 -80.2 0 1284.7 
Tennantite Cujo Fe2As4813 1.24B-12 -1968.6 -1999.6 0 9965.1 
Tellurite TeOg 1.14E-12 -322.8 -270.3 Faure (1991) 60.0 
Sylvanite Aug.75499.25Te2 7.62B-13 N.A. N.A. N.A. 
Nordite Naz.gMno5$r0.5Ca0.5L209,.33Ce0.6270.6M90.48igO17 7-20E-13 -8020.8 -7532.2 10 958.5 
Calaverite AuTeg 5.71E-13 -19.0 -17.4 0 686.8 
Samsonite AgaMnSbo56 5.29E-13 -444.9 -463.5 5 4817.9 
Tetrahedrite Cujo Fe Sb4S13 3.47B-13 -1909.5 -1939.7 0 9797.1 
Thortveitite Sc1.5Yo0.5Si2gO7 2.71B-13 -3740.2 -3540.6 5 50.5 
Tetradymite BigTegS 2.27E-13 -100.2 -100.6 I; 1709.0 
Rinkolite/ Mosan- — NagCa3Ce1.5Yo.5Tig.4Nb9,5270.1(Si20O7)201,5F3.5 2.25E-13 -9415.1 -8808.5 10 1441.1 
drite 
Alunite K Alg(SO4)2(OH)g 2.20E-13 -5173.2 -4652.2 Faure (1991) 47.8 
Osmium Oso9.75170.25 1.57B-13 N.A. N.A. N.A. 
Iridium Irg.50s9,3Rug,2 1.50B-13 N.A. N.A. N.A. 
Dumortierite Alg.9(BO3)(Si04)302,5(OH)o.5 1.33E-13 -9109.0 -8568.0 Hemingway 108.9 
et al. (1990) 
Polycrase (Y) Yo.5Ca9,1Ceg.1U0,1Tho,1Ti1,.2Nb9.6T29,.206 2.46B-14 -2847.7 -2681.3 10 125.4 
I-Platinum Pt 1.54B-14 0.0 0.0 Faure (1991) 146.5 
Polixene/ Tetrafer- PtFe 1.20B-14 N.A. N.A. N.A. 
roplatinum 
Boulangerite PbsSb4S441 2.12E-15 -1034.5 -1023.7 5 8565.5 
Wohlerite NaCagZro gNbo 48i20g 4(OH)9 3F03 1.27E-15 -4439.7 -4170.0 10 466.6 


End of the table 
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11.2.4 The chemical exergy of the Earth 


In Chap. 5 some of the physical properties of the Earth in its entirety that are 
now required for chemical exergy calculations were described. To recap, the Earth 
has a mass of around 5.98 x 1074 kg (Beichner et al., 2000). Its relative mass 
proportions of each of the spheres are: hydrosphere (0.023%), atmosphere (0.842 
ppm), core (35.5%), mantle (67%), oceanic crust (0.072%) and continental crust 
(0.36%) (Javoy, 1999). The upper layer of the latter constitutes approximately 
50% of its whole mass (Yoder, 1995). Table 11.8 shows the standard chemical 


exergy of the aforementioned layers and their collective sum*. 


Table 11.8 The standard chemical exergy of the Earth’s outer layers 


Layer Mass, kg MW, g/mol ee kJ/mol Bax Gtoe 
Atmosphere 5.04E+18 28.96 0.11 4.41E+02 
Hydrosphere 1.38E+21 18.29 0.58 1.03E+06 
Upper continental crust 1.08E+22 155.2 3.63 6.02E+06 
SUM 7.05E+06 


The results of Table 11.8 indicate that the standard chemical exergy of the 
Earth’s outer spheres is 7.05 x 10° Gtoe. This can be considered as a reasonable 
estimate which is subject to updates, especially once the mineralogical composition 
of the crust becomes better known, the Gibbs free energy of all substances is em- 
pirically obtained and a more appropriate R.E. is found. That said, even in the 
absence of precise data the order of magnitude is good enough to understand the 
huge chemical exergy content of the Earth. Of all the layers, the upper continental 
crust is that which is responsible for most of the exergy (85.4%), due to its greater 
mass portion and specific exergy. Furthermore, although the relative proportion 
of the atmosphere and hydrosphere is small compared to the whole, their chemical 
exergies are also large: 4.41 x 10? and 1.03 x 10° Gtoe, respectively. And since the 
Earth can be assumed to be a closed system in materials, this exergy can be seen 
as a non-renewable reservoir of chemical substances. 


11.3 The exergy of mineral resources 


In the previous sections, the chemical exergy of the main substances that compose 
the Earth was obtained. The book from now on focuses on a very small part of 
the Earth’s constituents: the mineral resources, whereby, the average exergy of 
the proven reserves of coal, oil and natural gas, as well as that of the main non- 
fuel mineral reserves, reserve base and world resources (described in Chap. 6) is 
obtained. 


“It is assumed that there is no mixing among the considered layers and hence the Gibbs free 
energy and exergy of the mixture term is zero. 
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Table 11.9 High heating value (HHV) and elementary analysis (% by weight) to define 
different types of coal (Valero and Arauzo, 1991) 


RANK HHV, O H C N S Z W 
kJ/kg 

Anthracite 30,675 2.4 3.0 80.9 1.0 0.5 101 —24 

Bituminous 28,241 7.6 45 68.7 1.6 1.2 8.4 8.0 

Subbitum. 23,590 12.2 3.8 58.8 1.3 0.3 4.0 19.6 

Lignite 16,400 8.9 2.7 38.9 0.6 5.3 19.8 23.8 


Table 11.10 Thermodynamic properties of the different types of coal 


kJ/kg kJ/kg kJ/(kgK) kJ/kg kJ/kg kJ/kg 
0 


Type HHV = An‘ 8% br brr brrr 

Anthracite 30,675 — -136.2 0.9 31,584 31,585 31,624 
Bituminous 28,241 = -757.7 11 28,951 28,952 29,047 
Subituminous 23,590 = -1,125.0 1.0 24,251 24,253 24,276 
Lignite 16,400 _-662.7 0.8 16,930 16,932 17,351 


11.3.1 The exergy contained in fossil fuels 


The reader was made aware in Chap. 9 that the physical value of fuels is closely 
related to their chemical exergy content and hence, the world’s proven fuel reserves 
can be approximated to their chemical exergy®, which is obtained via the equations 
provided in Sec. 9.5.3. 

The exergy calculations are undertaken, assuming an average composition of 
the different types of coal, oil and natural gas, which were taken from Valero and 
Arauzo (1991)°. 


11.3.1.1 Coal 


The elementary analysis of each type of coal is shown in Table 11.9. 

The composition of the fuels listed in Table 11.9, generate the properties shown 
in Table 11.10, where AH? and s° are the standard enthalpy and entropy of forma- 
tion and b;, by; and by;; the chemical exergy corresponding to R.E. J, IT and IIT 
from Table D.5, respectively. 

As can be seen from Table 11.10, R.E. I/7 produces the greatest exergy values, 
although the difference between the three is very small (average of around 0.3% and 
a maximum of 2.5% for lignite between J and JZ). Assuming an exergy content of 
coal equal to its HHV, implies an associated error of about 3%, although for lignite 
this could be up to 6%. 


5Tt must be remembered that in Chap. 6, an approximate exergy value in terms of Gtoe was 
provided for the proven reserves of coal, oil and natural gas. 

6 Although this analysis was carried out using world statistics from 1989 and that the reserves 
figures have changed since then, the average composition of the fuels should not have varied 
significantly. 
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Subsequently, the exergy of proven coal reserves is calculated, using the figures 
of WEC (2010). The proven reserves data for each nation are categorised into: 1) 
anthracite and bituminous, 2) subbituminous and 3) lignite. It is assumed that only 
hard coal’ coming from the U.S. is in the form of anthracite because the conversion 
factors reported by IEA (2007) indicate that U.S. coal has the highest heating 
capacity. 

The exergy values shown in Table 11.11, are generated from R.E. II, which is 
the most commonly used for fuel calculations (Lozano and Valero, 1988). 


Table 11.11: The exergy of the world’s coal proven reserves reported in WEC 
(2010). Values stipulated are in million tonnes if not otherwise specified 


Country Anthracite Bitumin. Subbitum.  Lignite Exegy, Mtoe 
Algeria 59 41 
Botswana 40 28 
Central African 3 1 
Republic 

Congo (Demo- 88 61 
cratic Rep.) 

Egypt (Arab 16 11 
Rep.) 

Malawi 2 1 
Morocco N.A. N.A. 
Mozambique 212 147 
Niger 70 48 
Nigeria 21 169 112 
South Africa 30,156 20,856 
Swaziland 144 100 
Tanzania 200 138 
Zambia 10 7 
Zimbabwe 502 347 
Total Africa 31,518 171 3 21,898 
Canada 3,474 872 2,236 3,830 
Greenland 183 106 
Mexico 860 300 51 789 
United States of — 108,501 98,618 30,176 151,165 
America 

Total N. 108,501 4,334 99,973 32,463 74,194 
America 

Argentina 500 289 
Bolivia af 1 
Brazil 4,559 2,635 
Chile 155 90 
Colombia 6,366 380 4,622 
Ecuador 24 10 
Peru 44 30 
Venezuela 479 331 


Continued on next page... 


“Hard coal is another name given to anthracite and bituminous, as opposed to brown coal, which 
is given to subbituminous and lignite. 
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Table 11.11: The exergy of the world’s coal proven reserves reported in WEC 

(2010). Values stipulated are in million tonnes if not otherwise specified. — 

continued from previous page. 
Country Anthracite Bitumin. Subbitum.  Lignite Exegy, Mtoe 
Total S. Amer- 6,890 5,594 24 8,008 
ica 
Afghanistan 66 46 
Armenia 163 113 
Bangladesh 293 203 
China 62,200 33,700 18,600 70,180 
Georgia 201 139 
India 56,100 4,500 40,658 
Indonesia 1,520 2,904 1,105 3,186 
Japan 340 10 239 
Kazakhstan 21,500 12,100 19,868 
Korea 300 300 381 
(Democratic 
People’s Rep.) 
Korea 126 73 
Republic) 
Kyrgyzstan 812 335 
Laos 4 499 209 
Malaysia 4 3 
Mongolia 1,170 1,350 1,367 
Myanmar 2 1 
(Burma) 
Nepal 1 1 
Pakistan 166 1,904 883 
Philippines Al 170 105 170 
Taiwan, China 1 1 
Tajikistan 375 259 
Thailand 1,239 512 
Turkey 529 1,814 1,115 
Uzbekistan 47 1,853 798 
Vietnam 150 104 
Total Asia 145,006 37,367 45,891 140,843 
Albania 794 328 
Belarus 100 41 
Bosnia- 484 2,369 Lato 
Herzegovina 
Bulgaria 2 190 2,174 1,009 
Czech Republic 192 908 508 
Germany 99 40,600 16,841 
Greece 3,020 1,248 
Hungary 13 439 1,208 762 
Ireland 14 10 
Italy 10 6 
Macedonia (Re- 332 137 
public) 
Montenegro 142 98 
Norway 5 3 
Poland 4,338 1,371 3,567 


Continued on next page... 
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Table 11.11: The exergy of the world’s coal proven reserves reported in WEC 
(2010). Values stipulated are in million tonnes if not otherwise specified. — 
continued from previous page. 


Country Anthracite Bitumin. Subbitum.  Lignite Exegy, Mtoe 
Portugal 3 33 16 
Romania 10 1 280 123 
Russian Federa- 49,088 97,472 10,450 94,606 
tion 

Serbia 9 361 13,400 5,751 
Slovakia 2 260 109 
Slovenia 24 199 96 
Spain 200 300 30 324 
Ukraine 15,351 16,577 1,945 21,002 
United Kingdom 228 158 
Total Europe 70,175 115,379 79,473 148,055 
Iran (Islamic 1,203 832 
Rep.) 

Total Middle 1,203 0 0 832 
East 

Australia 37,100 2,100 37,200 42,240 
New Caledonia 2 a0 

New Zealand 33 205 333 279 
Total Oceania 37,135 2,305 37,533 42,520 
TOTAL 108,501 296,261 260,789 195,387 518,048 
WORLD 


End of the table 


The exergy of coal proven reserves is 518 Gtoe (Table 11.11). The 2010 produc- 
tion data from WEC (2010) in exergy terms is equal to 4.3 Gtoe. Similarly, WEC 
(2010) reports additional resources amount in place® and estimated additional re- 
coverable reserves? as at least 1,965 Gt (1,099 Gtoe in exergy terms) and 965 Gt 
(506 Gtoe), respectively. 

It should be mentioned, that in order to undertake the exergy assessment, dif- 
ferent assumptions had to be made, such as taking into consideration only four 
different classes of coal, with identical composition and high heating value. Never- 
theless, the error introduced by this assumption is anticipated to be much smaller 
than the one created in the estimation of proven reserves. According to EWG (2007) 
data quality of coal reserves is poor, both on a global and national level with no 
objective way in which to determine the availability of data. 


8The estimated additional resources amount in place is the indicated and inferred tonnage addi- 
tional to the proved amount that is of foreseeable economic interest. Speculative amounts are not 
included. 

°The estimated additional recoverable reserves refers to the tonnage within the estimated ad- 
ditional amount in place that geological and engineering information indicates with reasonable 
certainty might be recovered in the future. 
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11.3.1.2 Oil 


The composition of the main types of oil is listed in Table 11.12. In this book only 
fuel-oil 1, 2 and 4 are taken into account in the calculations, since they are the most 
commonly used. Their classification is taken from the study of Valero and Arauzo 


Table 11.12 HHV and elementary analysis (% by weight) of the different 
types of oil, according to the British standard BS2869:1998 


RANK HHV, O H C N S 
kJ/kg 

Fuel-Oill 46,365 0.2 1B2 865  O 0.1 

Fuel-Oil2 45,509 0.2 12.7 864 O1 06 

Fuel-Oil4 43,920 04 19 £861 °&02 1.4 


The chemical composition of the fuels described above generate the thermody- 
namic properties of Table 11.13. 


Table 11.13 Thermodynamic properties of the different types of oil 


kJ/kg kJ/kg kJ/(kgK) kJ/kg kJ/kg kJ/kg 
Type HHV Ah‘ 30 by bry brrr 
Fuel-Oil 1 46,365 -622.1 2.8 46,247 46,251 46,259 
Fuel-Oil 2) 45,509 = -763.7 2.7 45,466 45,470 45,517 
Fuel-Oil 4 43,920 = -1279.1 2.6 43,888 43,892 44,002 


As with coal, the exergy of fuels increases from R.E. J to IJ. In the case of oil, 
exergy can be approximated, with no significant error (maximum error is 0.26%), 
to its HHV. Subsequently, the exergy of the world’s proven oil reserves is calculated 
(Table 11.14). 


Table 11.14: The exergy of the world’s oil proven reserves reported in BP 
(2011). Values stipulated are in thousand million tonnes if not otherwise spec- 


ified 

Country Fuel-Oil 1 Fuel-Oil 2  Fuel-Oil3 Exegy, Mtoe 
USA 3.7 4,035.1 
Canada 5.0 5,431.7 
Mexico 1.6 1,696.4 
Total North 10.3 - 11,163.2 

America 

Argentina 0.3 375.4 
Brazil 2.0 2,120.8 
Colombia 0.3 282.8 
Ecuador 0.9 937.3 
Peru 0.2 181.6 
Trinidad & To- 0.1 128.7 
bago 

Venezuela 30.4 32,976.7 


Continued on next page... 
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Table 11.14: The exergy of the world’s oil proven reserves reported in BP 
(2011). Values stipulated are in thousand million tonnes if not otherwise spec- 
ified. — continued from previous page. 


Country Fuel-Oil 1 Fuel-Oil 2 Fuel-Oil3 Exegy, Mtoe 
Other S. & Cent. 0.2 213.9 
America 

Total S. & - 34.3 - 37,217.2 
Cent. Amer- 

ica 

Azerbaijan 1.0 1,039.2 
Denmark 0.1 130.1 
Italy 0.1 138.4 
Kazakhstan 5.5 5,912.8 
Norway 0.8 884.2 
Romania 0.1 69.3 
Russian Federa- 10.6 11,105.4 
tion 

Turkmenistan 0.1 89.1 
United Kingdom 0.4 409.7 
Uzbekistan 0.1 88.2 
Other Europe & 0.3 360.0 
Eurasia 

Total Europe - 8.4 10.6 20,226.4 
& Eurasia 

Tran 18.8 20,396.2 
Traq 15.5 16,819.3 
Kuwait 14.0 15,151.6 
Oman 0.7 808.8 
Qatar 2.7 2,916.1 
Saudi Arabia 36.3 39,377.6 
Syria 0.3 369.6 
United Arab 13.0 14,062.7 
Emirates 

Yemen 0.3 379.2 
Other Middle 0.0 
East 

Total Middle - 101.8 - 110,299.9 
East 

Algeria 1.5 1,702.0 
Angola 1.8 1,974.4 
Chad 0.2 233.9 
Rep. of Congo 0.3 297.0 
(Brazzaville) 

Egypt 0.6 647.1 
Equatorial 0.2 250.7 
Guinea 

Gabon 0.5 546.2 
Libya 6.0 6,550.7 
Nigeria 5.0 5,440.7 
Sudan 0.9 979.9 
Tunisia 0.1 99.0 
Other Africa 0.2 191.4 


Continued on next page... 
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Table 11.14: The exergy of the world’s oil proven reserves reported in BP 
(2011). Values stipulated are in thousand million tonnes if not otherwise spec- 
ified. — continued from previous page. 


Country Fuel-Oil 1 Fuel-Oil 2 Fuel-Oil3 Exegy, Mtoe 
Total Africa 1.6 15.8 - 18,913.0 
Australia 0.4 490.8 
Brunei 0.1 162.4 
China 2.0 2,188.8 
India 12 1,301.6 
Indonesia 0.6 634.1 
Malaysia 0.8 822.7 
Thailand 0.1 56.1 
Vietnam 0.6 644.4 
Other Asia Pa- 0.2 175.5 

cific 

Total Asia Pa- 0.4 5.5 - 6,476.3 
cific 

TOTAL 2.1 176.1 10.6 204,295.9 
WORLD 


End of the table 


According to Table 11.14, the world’s proven oil exergy reserves generated from 
R.E. II are 204.3 Gtoe. This means that oil’s exergy reserves are half of those of 
coal. The 2010 production data in exergy terms of fuel-oil is equal to 3.9 Gtoe!®. 

It should be remembered, that in addition to conventional oil reserves, a corres- 
ponding range of additionally recoverable resources in exergy terms of at least 142 
Gtoe should be taken into account (Gregory and Rogner, 1998) (see Sec. 6.6.6.2). 


11.3.1.3 Natural gas 


In this book, the average standard composition of natural gas shown in Table 11.15 


is used. 


Table 11.15 Standard volumetric composition of natural gas (Valero and Arauzo, 1991) 


HHV, kJ/Nm3 CH4 C2 H6 C3Hg C40 Cs Hi2 CO2 N2 
42110 0.9225 0.0653 0.0055 0.0007 0.0001 0.0001 0.0058 


The chemical composition of natural gas as described above, generates the ther- 
modynamic properties of Table 11.16. 

R.E. I and I/I generate the same exergy values, since no sulphur is contained 
in natural gas. The difference between the exergy generated with J and I/I is 
negligible at only 0.01%. In the case of natural gas, an error of around 6.5% is 
introduced, assuming that the exergy value is identical to the HHV. Hence, this 


10 An average fuel-oil is considered to have an exergy content of 45,664 kJ/kg and a HHV of 45,455 
kJ/kg. 
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Table 11.16 Thermodynamic properties of natural gas 
kJ/Nm3 kJ/kg kJ /(kgK)  kJ/Nm3>—— kJ /Nm3> kJ /Nm3 
HHV Ant st br bri brit 
N. Gas 42,110 -3,117 8.6 39,389 39,394 39,394 


approximation should be treated with more care than that used for either fuel-oil 
or coal. 

The calculated proven exergy reserves of conventional natural gas are given in 
Table 11.17. 


Table 11.17: The exergy of the world’s natural gas proven reserves reported in 


BP (2011) 
Country Trillion Nm? Exegy, Mtoe 
USA Ce 7,237.8 
Canada 1.7 1,620.3 
Mexico 0.5 459.9 
Total North America 9.9 9,317.9 
Argentina 0.3 324.9 
Bolivia 0.3 263.6 
Brazil 0.4 390.8 
Colombia 0.1 116.4 
Peru 0.4 331.0 
Trinidad & Tobago 0.4 342.0 
Venezuela 5.5 5,118.1 
Other S. & Cent. America 0.1 61.4 
Total S. & Cent. America 7.4 6,948.2 
Azerbaijan 1.3 1,191.6 
Denmark 0.1 48.8 
Germany 0.1 64.5 
Italy 0.1 79.4 
Kazakhstan 1.8 1,731.0 
Netherlands 1.2 1,100.9 
Norway 2.0 1,915.3 
Poland 0.1 112.6 
Romania 0.6 558.2 
Russian Federation 44.8 41,984.7 
Turkmenistan 8.0 7,531.9 
Ukraine 0.9 877.0 
United Kingdom 0.3 240.1 
Uzbekistan 1.6 1,462.8 
Other Europe & Eurasia 0.3 265.8 
Total Europe & Eurasia 63.1 59,164.6 
Bahrain 0.2 205.4 
Tran 29.6 27,772.6 
Traq 3.2 2,971.1 
Kuwait 1.8 1,673.3 
Oman 0.7 647.2 
Qatar 25.3 23,750.3 
Saudi Arabia 8.0 7,517.9 


Continued on next page... 
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Table 11.17: The exergy of the world’s natural gas proven reserves reported in 
BP (2011). — continued from previous page. 


Country Trillion Nm? Exegy, Mtoe 
Syria 0.3 241.7 
United Arab Emirates 6.0 5,656.3 
Yemen 0.5 458.2 
Other Middle East 0.2 205.1 
Total Middle East 75.8 71,099.1 
Algeria 4.5 4,224.5 
Egypt 2.2 2,072.9 
Libya 1.5 1,452.9 
Nigeria 5.3 4,963.6 
Other Africa 12 1,099.1 
Total Africa 14.7 13,812.9 
Australia 2.9 2,738.9 
Bangladesh 0.4 343.4 
Brunei 0.3 282.5 
China 2.8 2,633.5 
India 1.5 1,360.3 
Indonesia 3.1 2,879.1 
Malaysia 2.4 2,248.2 
Myanmar 0.3 312.2 
Pakistan 0.8 772.6 
Papua New Guinea 0.4 414.4 
Thailand 0.3 292.8 
Vietnam 0.6 578.8 
Other Asia Pacific 0.4 329.9 
Total Asia Pacific 16.2 15,186.7 
TOTAL WORLD 187.1 175,529.5 


End of the table 


According to Table 11.17, the exergy reserves of conventional natural gas are 
around 176 Gtoe, opposed to the 168.9 estimated in Chap. 6 with the conversion 
data provided by BP. This indicates, that natural gas exergy reserves are very 
similar to those of fuel-oil. The exergy of natural gas produced in 2010 is 2.5 
Gtoe!. It should be remembered, that additional available natural gas resources 
are estimated, in exergy terms, to be as much as 521 Gtoe (IGU, 1997; Gregory and 
Rogner, 1998) (see Sec. 6.6.6.2). 


11.3.1.4 Exergy decrease of fossil fuels due to the greenhouse effect 


The exergy of fossil fuel reserves may decrease either through extraction and subse- 
quent burning, or through an alteration of the reference environment. In Valero D. 
and Valero (2012) the book’s authors studied the exergy loss of fossil fuel reserves 
due to the increase of greenhouse gases in the atmosphere (mainly CO2) and the 
subsequent rise in temperature. The investigation was supported by the equa- 
tions explained in Sec. 9.5.3 and the temperature vs. CO concentration dynamics 


ll Average natural gas is considered to have an exergy content of 51,276 kJ/kg and a HHV of 
54,811 kJ/kg. 
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Table 11.18 Characteristics of stabilisation scenarios and the resulting long-term equilib- 
rium global average temperature rise with respect to pre-industrial values. Based on IPCC 


(2007a) 


Category CO2 conc. 


CO2-eq conc. Peaking year 
for CO2 emis- 


Global aver. temp. 


sions 
ppm ppm year °C 
I 350-400 445-490 2000-2015 2.0-4.0 
II 400-440 490-535 2000-2020 2.4-2.8 
Ill 440-485 535-590 2010-2030 2.8-3.2 
IV 485-570 590-710 2020-2060 3.2-4.0 
V 570-660 710-855 2050-2080 4.0-4.9 
VI 660-790 855-1130 2060-2090 4.9-6.1 


obtained from the IPCC Third Assessment Report (IPCC, 2007a) and shown in 


Table 11.18. 


Figs. 11.1 to 11.3 show the exergy loss of the different fuels as a function of 


atmospheric CO concentration. 


As can be seen from Figs. 11.1 to 11.3, greater exergy losses occur as temperature 
and CO, concentration increase. The maximum exergy decrease is around 0.4% in 
the worst case scenario. Indeed amongst all fuels, coal, especially anthracite, is the 
most sensitive to changes in CO2 concentrations. Natural gas follows coal, while 


fuel-oils are the least affected. 
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Fig. 11.2 Exergy decrease of the different types of fuel-oils as a function of atmospheric CO2 


concentration (Valero D. and Valero, 2012) 
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Fig. 11.3 Exergy decrease of natural gas as a function of atmospheric C'O2 concentration 
(Valero D. and Valero, 2012) 


11.3.2 


The exergy of non-fuel minerals 


In contrast to fossil fuels, non-fuel minerals are physically valued not only for their 
chemical exergy content, but also for their concentration exergy. 

In this section, the total minimum exergy B; of the mineral reserves and world 
resources!? compiled by the USGS (2010) and described in Chap. 6 are calculated 
(Table 11.19). The ratio between production and the reserves, expressing years left 


12The reserve base has not been included in Table 11.19 since the USGS has stopped providing 


this information. 
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until depletion, if production remains as in 2008 and should no more resources be 
found, is also shown in Table 11.19. The total minimum exergy B; is the sum of 
the chemical B., and concentration B,. components, calculated with Eq. (9.29)! 
and Eq. (9.30). 

In the authors’ opinion, reserves, as opposed to resources, are not good indicators 
for the assessment of the Earth’s mineral endowment. This is because as stated 
by Highley et al. (2004), total world reserves of most mineral commodities are 
larger now than at any time in the past due to greater and more widely available 
geological information, increasingly efficient technologies and price fluctuations. Yet 
the information about world resources remains relatively scarce, inaccurate and 
incomplete, as can be seen in Table 11.19. Put simply, too little is known about the 
Earth’s crust, due to extremely high exploration costs. 


Table 11.19: The exergy (B;) of mineral reserves and world resources. Values 
are expressed in ktoe 


Substance Mineral ore Production Reserves Resources’ R/P, 
reported (2008) (2010) years 
by USGS 
Aluminium Gibbsite 5.86E+02 7.72E+04 2.14E+05 132 
(Bauxite) 
Antimony Stibnite 4.93E+01 5.26E+02 N.A. 11 
Arsenic Arsenopyrite 1.12E+01 2.60E+02 2.34E+03 23 
Barium Barite 3.12E+01 6.59E+02 7.76E+03 21 
Beryllium Beryl 1.34E-02 N.A. N.A. N.A. 
Bismuth Bismuthinite 9.94E-01 4.13E+01 N.A. 42 
Boron Kernite 3.69E+02 1.44E+04 N.A. 39 
Cadmium Greenockite 3.17E+00 9.55E+01 9.71E+02 30 
Cesium Pollucite N.A. 2.23E-01 N.A. N.A. 
Chromium Chromite 3.47E+02 1.18E+04 4.05E+05 34 
Cobalt Linnaeite 3.14E+01 2.73E+03 6.21E+03 87 
Copper Chalcopyrite 8.94E+03 3.13E+05 1.74E+06 35 
Feldspar Orthoclase 7.30E+01 N.A. N.A. N.A. 
Fluorspar Fluorite 2.53E+02 9.65E+03 2.10E+04 38 
Gallium Ga in bauxite 1.96E-02 N.A. 1.77E+02 N.A. 
Germanium Ge in sulfide ores  2.60E-02 N.A. N.A. N.A. 
Gold Native gold 1.76E-02 3.66E-01 N.A. 21 
Graphite Graphite 9.46E+02 6.00E+04 6.76E+05 63 
Gypsum Gypsum 8.78E+02 N.A. N.A. N.A. 
Hafnium Hf in Zn ores 3.71E+01 8.00E+04 N.A. 2153 
Helium He in natural gas =N.A. N.A. N.A. N.A. 
Indium Inin Zn, Pbhand  5.45E-02 1.05E+00 N.A. 19 
Cu sulfides 
Iodine I in brines 5.34E-01 3.02E+02 6.85E+02 566 
Tron ore Hematite 1.17E+04 8.40E+05 4.20E+06 72 
Lead Galena 3.38E+02 6.96E+03 1.32E+05 21 
Limestone Calcite 2.86E+03 N.A. N.A. N.A. 


Continued on next page... 


13The chemical exergy of the elements considered is that obtained with the R.E. update explained 
in Table 9.1. 
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Table 11.19: The exergy (B;) of mineral reserves and world resources. Values 
are expressed in ktoe.— continued from previous page. 


Substance Mineral ore Production Reserves Resources’ R/P, 
reported (2008) (2010) years 
by USGS 
Lithium Li in brines N.A. 1.52E+04 3.91E+04 N.A. 
Magnesium Magnesite 1.58E+02 N.A. N.A. N.A. 
Manganese __— Pyrolusite 2.72E+02 1.10E+04 N.A. 41 
Mercury Cinnabar 1.10E-01 5.58E+00 5.00E+01 51 
Molybdenum Molybdenite 9.11E+01 3.63E+03 8.10E+03 40 
Nickel - lat- | Garnierite 9.24E-+00 4.18E+02 N.A. 45 
erites 
Nickel- sul- Pentlandite 3.89E+02 1.76E+04 N.A. 45 
phides 
Niobium Columbite 1.52E+00 7.00E+01 N.A. 46 
Phosphate Fluorapatite 9.15E+01 9.10E+03 N.A. 99 
rock 
PGM Cooperite 5.28E-02 8.07E+00 1.14E+01 153 
Potash Sylvite 8.77E+02 2.14E+05 6.30E+06 244 
REE Monazite N.A. N.A. 2.4. 739 
Rhenium Re in molybden- 4.32E-03 1.91E-01 8.41E-01 44 
ite 
Selenium Se in Cu ores 1.73E-01 1.01E+01 N.A. 58 
Silicon Quartz 2.28E+01 N.A. N.A. N.A. 
Silver Argentite 1.70E+00 3.20E+01 N.A. 19 
Strontium Celestine 6.87E+00 9.43E+01 1.39E+04 14 
Tantalum Tantalite 1.55E-02 1.46E+00 N.A. 94 
Tellurium Te in Cu ores 0.00E+00 1.40E+00 N.A. N.A. 
Thorium Thorite N.A. 5.78E+01 N.A. N.A. 
Tin Cassiterite 3.08E+00 5.77E+01 N.A. 19 
Titanium- Rutile 4.34E+00 3.14E+02 9.00E+02 72 
rutile 
Titanium- Ilmenite 1.35E+02 1.35E+04 3.97E+04 100 
ilmenite 
Uranium Uraninite 8.21E-01 1.02E+02 1.87E+02 125 
Vanadium V in other ores 1.92E+01 4.45E+03 2.16E+04 232 
Wolfram Scheelite 1.16E+00 5.82E+01 N.A. 50 
Zinc Sphalerite 3.22E+03 5.56E+04 5.28E+05 17 
Zirconium Zircon 4.30E+00 2.80E+02 N.A. 65 
Sum 3.27E+04 1.75E+06 1.43E+07 142 


End of the table 


According to Table 11.19 the minerals consumed at the highest rates compared 
to their available reserves are, in decreasing order, antimony, strontium, zinc, tin, 


silver, indium, lead, gold and barium, with reserves to production ratios - static 
index (R/P) - between 14 to 21 years. 

The latest recorded production rate of non-fuel minerals (in 2008) is 32.7 
Mtoe/yr or around 2.5% of the total reserves. Accordingly, the R/P ratio of the 
minerals investigated indicates that on average, there are enough resources for at 


least another 141 years should production remain constant and no more resources 
be found (something which although possible, is highly improbable). 
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The exergy of the mineral reserves and world resources analysed is at least 1.75 
and 14.3 Gtoe, respectively (1.9% and 16% of the total available fossil fuels in 2010 
- 898 Gtoe). Such figures demonstrate that exergy as a property does not provide 
a “fair” value to non-fuel mineral resources. Common sense would assign minerals 
a physical value which is at least in the same order of magnitude as fuels. From 
Man’s perspective, the value of non-fuel minerals is often linked to their extraction 
cost. A very abundant and concentrated mineral in the crust, such as iron, has 
a high exergy value and a low exergy cost of extraction. On the contrary, a very 
dispersed and scarce mineral such as gold, has a low exergy value but a very high 
exergy cost of extraction. 

This is why exergy replacement cost provides additional information for assign- 
ing a physical value to non-fuel minerals. Exergy replacement cost is more closely 
related to the market price than exergy alone (see Chap. 12). In fact, it could 
be considered as a potentially fundamental ingredient of the final price of non-fuel 
minerals. 


11.3.3. The exergy of natural resources on Earth 


In the previous sections the authors have expressed all mineral resources (both fuels 
and non-fuels) with the same units, i.e. exergy. Such results will now be compared 
with information on the remaining energy sources* provided in Chap. 6. 

Table 11.20 summarises the exergy results of the resources that Nature provides, 
those which could be potentially obtained using technology into the near future and 
those which are used today. This information has been updated from Valero D. et al. 
(2010b). All consumption values are correct as of the end of 2010, with the excep- 
tion of those for biomass and non-conventional fossil fuels which are from 2005. The 
information provided is divided into renewable (RW) and non-renewable resources 
(Non-RW). For the group of renewables, the ratio between the current exergy con- 
sumption and potential exergy use (RW use %) is given. For non-renewables, the 
reserve to production ratio (R/P, yrs) is used as a measure of the depletion degree 
of the considered mineral. 


14Note that the exergy of electricity is equivalent to its energy content. Hence, the energy figures 
for geothermal, solar, wind, hydro and ocean power are equivalent to their exergy. The remaining 
energy sources: nuclear and unconventional fuels were already expressed previously in Table 11.20 
through their exergy content. 


Table 11.20 Available, potential use and current exergy consumption of natural resources. Updated from Valero D. et al. (2010b) 


RESOURCE AVAILABLE POTENTIAL CURRENT 

Renewable resources TW Gtoe/yr TW Gtoe/yr TW Gtoe/yr RW use % 
Geothermal 17.9 13.5 0.06-0.12 0.04-0.09 1.07E-02 0.008 8.6 

Tidal power 2.7 2 0.166 0.12 3.00E-04 2.26E-04 0.2 

Solar PV 43,200 32,530 51.4 38.70 3.00E-03 2.00E-03 5.8E-03 

Solar thermal power 43,200 32,530 0.63 - 4.7 0.47 - 3.5 8.54E-04 6.43E-04 2.4E-02 
Hydropower 11 8.3 1.8 1.4 1.03 0.78 57.2 

Wind power 1,000 = 753 14.5 10.9 0.19 0.15 1.3 

Ocean thermal gradient 1.13E+08 Gtoe - - - - - 

Ocean conveyor belt 2,000 1,506 - - - = “ 

Ocean waves 3 2.3 0.5 0.38 2.80E-06 2.11E-06 5.6E-04 
Biomass 92 69 19 - 56 14 - 42 1.5 1.1 2.7 

Non renewable resources Gtoe Gtoe Gtoe R/P, yrs 
Uranium - fission 27,100 5,200 0.63 8304 
Thorium - fission 7,500 - - - 

Deuterium + Tritium (fusion) 74,000 - - - 

Coal 1,617 518 4.3 120 

Oil 346 204.3 3.9 52 

Natural gas 696.5 175.5 2.5 70 
Non-conventional fuels! ~ 20,000 > 1,500 >0.07 - 

Non-fuel minerals > 10.7 > 1.33 0.033 aver. 126 
RW w/o ocean th. grad. 34,884 Gtoe/yr 97 Gtoe/yr 2.1 Gtoe/yr RW use: 2.1% 
Non RW >131,000 Gtoe > 7,600 Gtoe 11.4 Gtoe R/P: 664 yrs 
Conv. Foss. fuels + Min. >2600 Gtoe > 900 Gtoe 10.8 Gtoe R/P: 84 yrs 


saoinosay JDLaUIy s7i pun yyog ayy fo hbsaxgq ayy, 


[1] Due to lack of information, it has been assumed that the exergy of non-conventional fossil 
fuels is that included in Table 6.7, using the net calorific values reported by Eggleston et al. 
(2006). 


LVE 
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According to Table 11.20, the available renewable resources on Earth, which 
are the sum of solar, tidal and geothermal energy is huge: around 34,884 Gtoe/yr. 
Of course this value is only theoretical, since currently and into the near future, 
technological limitations mean that it is impossible to recover so much energy. 

Potential exergy use is significant too: 97 Gtoe/yr. This means that with a 
feasible improvement of renewable energy technology, it could supply nine times 
the energy consumption of the entire world (12 Gtoe in 2010). The RW use indica- 
tor, shows that with the exception of hydropower, with some 57% of its potential 
being exploited, most renewables are still very much untapped: 8.6% of the electric 
potential of geothermal’, 3% of biomass, 1.3% of wind and 0.2% of tidal. Current 
energy use for solar power and ocean waves is negligible in respect to their capac- 
ities. Evidently, there is enormous potential in the further use of renewables with 
Man’s technological limitations (rather than the planet’s) the reason why only a 
very small proportion can be utilised. 

In the case of non-renewable resources, including nuclear energy, fossil fuels 
and non-fuel minerals, the minimum quantity of available exergy is approximately 
131,000 Gtoe, from which 56% comes from the undeveloped fusion of deuterium 
and tritium. The potential exergy use of non-renewable resources is at least 7,600 
Gtoe. In fact, with the exception of the different types of nuclear energies and 
unconventional fossil fuels, the current state of technology is sufficiently developed 
to support the extraction of the majority of the available non-renewable resources. 

Indeed, the R/P ratios show that there is enough fission energy for more than 
8,000 years if one uses fast spectrum reactors in a closed fuel cycle. Coal meanwhile 
could last for another 120 years, oil for 52, natural gas for 70 and non-fuel minerals 
for 126, on average, if the consumption rates of these commodities remain as they 
were in the reference year of 2010. The collective sum of non-renewable energy 
resources, should last for at least 664 years. 

Non-renewable resources represent a stock of concentrated chemical exergy with 
available resources contributing to a very small fraction of the Earth’s total chemical 
exergy - only around 0.1%. Furthermore, the exergy of conventional fossil fuels and 
non-energy mineral resources, constitute only 0.01% of the upper continental crust’s 
chemical exergy which is in the same order of magnitude as that of the atmosphere 
(the layer with the least chemical exergy content). Thus indicating that the use 
of chemical exergy of dispersed substances is practically impossible. Therefore, the 
Earth’s 7 x 10° Gtoe of chemical exergy currently constitutes a useless reservoir of 
exergy with Man only able to exploit 0.01% of that amount. 

These results, even if rather crude, lead the authors to conclude that the chal- 
lenge of “sustainable development” is not a matter of energy scarcity or even material 
scarcity. Instead any such issue is related (even if not readily associated with) to 
that of concentrated mineral resources (both of fuel and non-fuel origin). Vast 


15The potential thermal use of geothermal energy is not yet quantified, but is presumably much 
higher than its potential for electricity generation. 
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amounts of energy are available on Earth, much more than humans could ever hope 
to exploit. The depletion of fossil fuels should thus not present a problem at least 
in the medium term, as there are many energy alternatives, albeit that the way of 
recovering them needs to be developed, so as to be economically competitive. 

In the same way, vast amounts of minerals are available since the whole crust 
is composed of minerals. However, there is a limited amount of concentrated (and 
subsequently readily extractable) mineral deposits which are irreversibly being lost. 
In the short term, substitution among minerals will be possible with technological 
development but this can only occur when other mineral resources are available. 
Unfortunately, non-fuel minerals cannot be easily replaced by renewable resources, 
although there are some promising experiences that substitute inorganic with or- 
ganic materials (such as conductive nanomaterials and graphene). 

Furthermore, the mines with the highest ore grades have been already exhausted. 
Those remaining require greater energy inputs which grow exponentially as grade 
deposits decline. Theoretically, should enough energy be introduced to an extraction 
process, any substance could be taken from the crust. However, even if technolog- 
ically possible, converting bare rock into an inexhaustible mine would imply an 
immense economic and energy input coupled with a devastating cost to the envi- 
ronment. In short, to turn over virgin forests, mountains, oceans and landscapes 
in order to salvage (or even scavenge) the last concentrated tonnes of strategic mi- 
nerals (a current practice which is common within the gold, diamonds and coltan 
industries) is surely not the best planetary scenario. To avoid this situation, reuse, 
recycling and especially, the search for a dematerialised society becomes essential 
in the true path towards sustainability. This issue will be addressed in Part 4. 


11.4 Summary of the chapter 


In the first part of this chapter, the standard thermodynamic properties 7.e. stan- 
dard enthalpy, Gibbs free energy and chemical exergy of the main constituents 
(more than 300 natural substances) of the outer Earth’s spheres have been pro- 
vided. The absolute chemical exergy of the atmosphere, hydrosphere and upper 
continental crust have been estimated at 4.4 x 107, 1.0 x 10° and 6.0 x 10°, respec- 
tively. These approximations provide an order of magnitude of the huge planetary 
chemical wealth. 

The second part of this chapter provided an inventory of the most important 
resources on Earth (including energy and non-fuel mineral resources), expressed 
through a single unit of measure: exergy. There is an enormous amount of energy 
sources on Earth, both renewable and non-renewable. There are also many energy 
alternatives that could replace conventional fossil fuels should they become depleted. 
But before this occurs the technology for the recovery of these potential alternatives 
needs to be further developed. 
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Despite the notable chemical exergy on Earth, only about 0.01% is currently 
usable by human civilisation because technological limitations make it practically 
impossible to fully obtain the chemical exergy of dispersed substances. In fact, only 
those minerals that are concentrated, can be exploited and thus truly considered 
resources. Hence, scarcity, real or perceived, is founded on those problems asso- 
ciated with the limited concentration of mineral deposits. This is why recycling, 
reusing and especially, the search for a dematerialised society becomes an essential 
philosophy or lifestyle choice, in line with the doctrine of sustainability. 

In this chapter the authors have emphasised the fact that despite its rigorousness, 
exergy fails to provide a “fair” value to non-fuel minerals. The resources of the most 
important ones have a total exergy content which is insignificant compared to that of 
conventional fossil fuels. This leads to the search for other physical indicators which 
are closer to the value that Man assigns to non-fuel minerals. Given the importance 
of this matter, in the following chapter mineral resources are re-assessed through 
the exergy replacement cost. 


Chapter 12 


The Exergy Replacement Costs of Mineral 
Wealth 


12.1 Introduction 


In the previous chapters the authors stated that the exergy property provides a 
reference value for the evaluation of minerals, equivalent to the thermodynamic 
minimum to restore them from Thanatia. Unfortunately the results obtained using 
solely exergy as an accounting property are very far removed from a more realistic 
appreciation as to the value of minerals. 

This is why exergy replacement costs are used in this chapter for the assessment 
of mineral depletion. The exergy replacement costs provide a measure of the amount 
of energy one should invest with conventional technologies in recovering the mineral 
deposits to their initial conditions of composition and concentration from Thanatia. 


12.2 Formulas for assessing the exergy replacement costs of 
minerals 


As explained in Chap. 9, the exergy of a mineral resource has at least two compo- 
nents (neglecting the cohesion exergy): one associated with its chemical composition 
and the other with its concentration. Hence, the total exergy (b;), representing the 
minimum exergy required for obtaining the resource from Thanatia to the initial 
conditions in the mineral deposit, is calculated as the sum of the two exergy com- 
ponents: chemical b-;,; (Eq. (9.29)) and concentration b.; (Eq. (9.30)) as explained 
in Sec. 9.2. 


bei = Deni + dei (12.1) 


It should be remembered, that chemical exergy is obtained from a defined re- 
ference environment (in this case, the one described in Sec. 9.5.2.1). For the cal- 
culation of concentration exergy meanwhile one has to identify the ore grade (the 
average mineral concentration in a mine 2,,) and the average concentration in the 
Earth’s crust x. (as shown in the Crepuscular Earth Model). The value of x in 
Eq. (9.30) is then replaced by x, or 2» to obtain their respective exergies, whilst 
the difference between them Ab.(a- + @m) represents the minimum energy (exergy) 
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required to form the mineral from the concentration in Thanatia to that found in 
mineral deposits (from R#0 to R#1 as shown in Fig. 4.2 on p. 93.). 


Abe(%e 4 Lm) = be(H = Le) — be(L = Lm) (12.2) 


Hence, even if the term b.; is used in this book for simplification purposes, it is 
rather Ab.(%- — Um) that presents the correct notation. 

On the other hand, the exergy replacement cost is defined as the total exergy 
required to mine and concentrate the mineral resources from Thanatia, using cur- 
rently available technologies. Such values are therefore not absolute and universal, 
as opposed to the exergy property. Exergy costs are a function of the type of mineral 
analysed and its ore grade, extraction and separation technologies and associated 
energy consumption, which in turn vary with time (7.e. according to the learning 
curve). 

The calculation of a resource’s exergy cost b; constitutes a chemical cost (Ken, - 
beni), accounting for the chemical production processes of the substance, and a 
concentration cost (k, - bei), relating to the concentration processes. 


bf; = Ken: beni + ke bei = bey, + bE (12.3) 


The variable and dimensionless k represents the unit exergy cost of a mineral. It 
is defined as the ratio between the energy invested in the real process for mining and 
concentrating the mineral from the ore xz, to the pre-smelting and refining grade 
conditions x, (Ez,,-+2,), and the minimum theoretical energy (exergy) required to 
undertake the same process (Abz,,,-+z,.)- 


(12.4) 


The chemical exergy cost b%, of a resource comes into play when the chosen 
reference environment does not contain the substance under consideration. Since the 
Crepuscular Earth Model contains, in principle, most of the minerals found in the 
crust, the chemical exergy will not appear. The authors thus focus predominately 
on the concentration exergy replacement cost b* and the unit concentration costs 
Ke: 

Since the energy required for mining is a function of the mine’s ore grade and the 
technology used, so is the unit exergy cost (Eq. (12.5)). As Ruth (1995) states, both 
variables have an opposite effect on the energy used. The lower the ore grade, the 
more energy is required for mining it. On the contrary, technological development 
usually improves the efficiency of mining processes and hence, decreases energy 
consumption. This will be discussed in more detail in Sec. 12.3. 


k = k(a,t) (12.5) 
It is therefore difficult to extrapolate k into the future for the practical impos- 
sibility of predicting changes in scientific and technological knowledge. 


Another problem with k is that it is a discrete function, as the technology applied 
can vary with the concentration ranges of a particular deposit. Also in turn, each 
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mining technique (either underground or open-pit), has a particular effect on the 
energy consumption due to a variety of different factors such as ore grade, grind 
size, nature, depth and processing route. 

Such factors have been analysed for different commodities including copper, 
nickel, aluminium and iron through the life cycle assessment (Norgate and Jahan- 
shahi, 2010; Norgate and Haque, 2010; Norgate and Jahanshahi, 2011). 

Bearing in mind the above limitations and the energy data available for mining 
processes (which is usually very scarce) the authors assume that the same technology 
is applied for the entire range of concentration between the ore grade x, in the mine 
and the pre-smelting grade, x,, than between the dispersed state found in Thanatia, 
Z_ and Xm. For this reason, the average energy vs. ore grade trends for different 
minerals is analysed and the corresponding unit exergy cost values are calculated 
and extrapolated to ore grades corresponding to those present in Thanatia. 

Summarising, the first step in obtaining the unit exergy cost requires knowledge 
of their real energy consumptions in mining and concentrating processes (going 
from %m to x) as a function of the ore grade (x,,). Such information can be 
obtained from data published in the literature. At the same time, the theoretical 
exergy of the same process is calculated as the difference in concentration exergy 
(Eq. (9.30)) when « = r», and « = 2,. Finally, the unit exergy costs are calculated 
with Eq. (12.4) in function of the ore grade. The latter can be extrapolated to 
obtain the unit costs at the crepuscular grade x,, which will eventually serve for 
the calculation of exergy replacement costs of the mineral wealth on Earth with 
Eq. (12.3). The values used for the crepuscular grade are x, obtained in Chap. 10. 
Average values for x, have been taken from Cox and Singer (1992). The procedure 
is depicted in Fig. 12.1. 

Energy consumption values as a function of the ore grade are difficult to find. 
Indeed very little studies compile such tendencies. Relevant material relating to this 
issue are those of Mudd (2007b, 2010a, 2008) or Norgate and Jahanshahi (2010). 

Chapman and Roberts (1983) proposed a general theoretical formula to describe 
the tendencies of energy consumptions for metals mining through Eq. (12.6). These 
authors estimate the energy consumption as a function of two components: 1) the 
energy used in mining and concentrating the ores, which is inversely proportional 
to the ore grade and 2) the energy used in smelting and refining. 


F = F,/tm+F, (12.6) 


Where F, is the energy used per tonne of ore, 2, the ore grade, and F’, represents 
the energy used in the smelting and refining stage. In this book the authors only 
focus on the first term of the equation, given that only the mining and concentration 
energies for exergy replacement cost calculations are of interest. Chapman and 
Roberts (1983) differentiated between the energy used in mining (F;,) from that 
used in concentrating (F.) in Fy. For this reason, it is important to include the 
quantity of material handled by each operation through the recovery efficiency of a 
metallurgical process, which is defined as the ratio of metal contained in the selected 
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Calculation of the theoretical 
exergy of the mining and 
concentration process from the 
ore grade xm to the refining 
conditions xr 
Ab(xm->xr) 


Assessment of the real 
mining and concentration 
energy 
E(xm->xr) 


Calculation of unit exergy 
costs 
k(xm)= E(xm->xr)/Ab(xm->xr) 


Calculation of the theoretical 


Extrapolation of unit exergy exergy of the concentration 
costs to xc process from the crespuscular 
k(xc) concentration xc to the mine 
conditions xm 


Ab(xc->xm) 


Calculation of the exergy 
replacement costs (mineral 
exergy bonus) 
b*= k(xc) . Ab(xc->xm) 


Fig. 12.1 Calculation procedure for obtaining a mineral’s exergy replacement cost 


output stream and the quantity of metal in the input. The recovery efficiency of 
the smelting operation is represented as R, and for the concentration process as 
R,. Additionally, in the mining process a quantity of waste rock always arises, and 
is referred to as the stripping ratio, denoted by S. Hence the total quantity of rock 
mined is equal to (5 +1) times the quantity of ore mined. All these variables are 
included in Eq. (12.7). This estimates the gross energy requirement (ger) of metal 
production arising as a result of the contributions from mining and concentration, 
with Fim being the part of the ger which is inversely proportional to ore grade. 


1 
Lam = ———" ' S 1)Fin FE, 12.7 
eS + Fn + FI (12.7) 


Chapman and Roberts (1983) undertook a compilation of the typical values used 
in the above equation for several of the most important metals (see Table 12.1). To 
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Table 12.1 Fuel-use data for selected mineral commodities according to Chapman and Roberts 
(1983) 


Fm Fe Fim Fs 
MJ/ton MJ/ton ore GJ/ton metal GJ/ton metal 
ore 
Aluminium 200-500 20-30 (Bayer pro- 40-60 270 
cess - per ton of 
alumina) 
Cobalt N.A. N.A. N.A. 129 
Chromium 345 65-420 15 - per ton 62.6 - per ton of 
FeCr FeCr 
Copper 15-35 240-320 50-75 25-50 
Lead 270 280 9.5 8.3 
Manganese 345 65 5.21 - per ton of  51.7-57.3 - per 
FeMn ton of FeMn 
Mercury N.A. N.A. 157 252 
Molybdenum 165 280 136 12 
Nickel sulphides 680 500 N.A. N.A. 
Nickel laterites - 100 (Fe + Fm) N.A. N.A. 
Tin - 15 (Fo + Fm) 187.5 (alluvial) - 19.6  (alluvial)- 
157.3 (hard rock) 127.0 (hard rock) 
Titanium (Rutile) 38 130 2.8 575 
Titanium (Ilmenite) 95 300 23 687 
Tungsten 642 420 213 144 
Zinc 290 310 11.7 49.6-63.3 


get an overall notion, the typical value for R, is 0.85 and R, 0.90; the stripping 
ratio S is assumed at 2.0 for open-pit mines and 0.1 for underground mines. 

From Eq. (12.6) and Eq. (12.7), one could assume that the energy required in 
the mining and concentration processes can be assumed as a constant divided by 
the ore grade. Note that the curve derived from the expression of Fy, is similar 
to the curve derived from Eq. (9.30), i.e. as the ore grade tends to zero, the 
energy required to mine tends to infinity. With this very rough approximation, 
one could then theoretically calculate the energy required for each value of tm. 
Obviously the results obtained through this approach are questionable since the 
energy consumption as a function of the ore grade does not necessarily follow the 
path of x;,', nor must technologies be the same for all ranges of x,,. A more precise 
evaluation would require more research and compilation efforts of real data sets from 
companies in the mining industry similar in nature to those performed by Mudd 
(2007b) or Norgate and Jahanshahi (2010). As the reader will see in the following 
examples, empirical data of energy consumption, as a function of the ore grade, 
suggest relationships varying from x70? to 2,99. Hence, for these calculations, it 
is preferable to work with empirical data of energy vs. ore grade. Unfortunately 
it is very uncommon to find data for many commodities and one needs more often 
than not to resort to approximations. 
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12.3. Technological development and the theory of learning curves 


There are two opposing trends influencing the energy required for mining: the 
ore grade Z, which increases energy requirements, and improvements in energy 
efficiency, which subsequently decreases it. This means that changes in ore grade 
cannot be directly translated into changes in fuel use since there are also changes 
in technology which affect fuel use (Chapman and Roberts, 1983). 

It is a fact that in the mining industry, technology has always played an im- 
portant role in transforming mineral resources into mineral wealth and useful end 
products. Nevertheless, technological breakthroughs of mineral extraction had been 
relatively slow until the Industrial Revolution. The spiraling demand of core com- 
modities such as iron and copper found in this period led to even greater techno- 
logical advances that even now remain in operation: flotation, the blast furnace, 
railways, geophysics, drilling, trucks and transport and so on - all of which permitted 
the mining of ever lower ore grades. 

A way to assess the evolution of technological development is through the the- 
ory of learning curves. These are used to analyse a well observed fact. Through 
experience, mankind becomes increasingly efficient. As experience is acquired, costs 
decline, efficiency and quality upgrades and waste is reduced. Technical change is of 
course a gradual process that entails not only technical knowledge and investment, 
but also an increase in material and energy efficiency. Both material and energy 
efficiency increase independently and changes can stem from the learning by doing 
concept (Ruth, 1993). Technical change is introduced by implementing technology 
learning rates, which specify the quantitative relationship between the cumulative 
experiences of the technology and cost reductions (Séderholm and Sundqvist, 2007). 

The simplest and most frequent representation of learning curves in energy tech- 
nology studies is Wright’s log-linear model (Yelle, 1979): 

Y, = You! (12.8) 
where Y, represents the energy required to produce the zz), unit, Yo is the theoretical 
energy of the first production unit, x is the sequential number of the unit for which 
the energy is to be computed and / is a constant reflecting the rate of energy demand 
reduction from year to year (learning index). S is the energy slope expressed as 
a decimal value (learning rate), while (1-S) is defined as the progress ratio which 
expresses the fraction to which energy requirements are reduced with cumulated 
production. It is calculated as: 

i InS 
~ In2 

However there is a limit on the energy use to ore production that cannot be ex- 


(12.9) 


ceeded i.e. b. (the minimum theoretical energy required to concentrate a substance 
from an ideal mixture of components): even with increased experience as explained 


by (Ruth, 1995): 
Y —b. = Yoo! (12.10) 
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The estimation of learning curves using econometric techniques has some points 
for consideration. Séderholm and Sundqvist (2007). For instance, the need to sur- 
vey the effect of detaching single observations especially outliers that may affect the 
learning rate estimate or the impact of using different variable definitions. Another 
issue is related to the way in which technological learning is operationalised. Ad- 
ditionally, it is important to investigate differences in learning rates across various 
technologies. 

Without a doubt, the main barrier in an analysis regarding the influence of 
technology in the mining sector’s energy consumption is the lack of data about 
fuel use trends for most commodities. Nevertheless, Mudd’s investigation into gold 
suggests that although progress in technology has been made, in most cases energy 
requirements are increasing, because the core issue is the ore grade (Mudd, 2007b; 
Dominguez and Valero, 2013). Hence, the long-term decline in ore grades will most 
likely involve an unavoidable long-term increase in energy requirements. There is 
simply not enough evidence to suggest that technology can indefinitely, avert the 
rising energy demand. 

Based on the results of Dominguez and Valero (2013), the authors assume that 
the state of technology in the mining and concentration stages will not change 
significantly throughout time and thus, the unit exergy costs are solely influenced by 
changes in ore grades. It should be stated however that this is still an approximation 
which could be eventually refined by additional empirical data and the application 
of the learning curve theory. 


12.4 Energy consumption as a function of ore grade for some 
important commodities 


The first step in calculating the exergy replacement costs of minerals is to obtain the 
current energy consumption as a function of the ore grade associated with the mining 
industry. Ideally, this should be obtained from empirical data. In this section two 
important commodities where this information is available are briefly described, 
namely gold and copper. The reader is also referred to (Valero D. et al., 2013), 
where in addition to gold and copper, nickel, cobalt and uranium were analysed. 
For the remaining commodities (where only static information is available), the 
authors refer to the data contained in Table 8.3. 


12.4.1 Gold 


Mudd (2007b) studied the global trend of gold extraction in detail (see Fig. 12.2) 
finding a clear declining ore grade tendency in the countries reviewed, namely Brazil, 
Australia, South Africa, Canada and the United States. In Australia for instance, 
ore grades have declined from 37 g/t in 1859, to the current 2 g/t. Cox and Singer 
(1992) report an average gold content in different deposits of 0.22 g/t, taking into 
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account that gold is also extracted as a byproduct in ores of other major metals 
such as Ni — Cu, Cu— Mo or Zn — Pb. 

The average ore grade of the gold deposits studied by Mudd (2007b) is 2.244 
g/t. The average energy consumption of mines worldwide meanwhile is reported 
at 143,000 GJ/t. The latter value includes all the processes of gold production: 
mining, beneficiating, smelting, converting and refining. The authors are however 
only interested in the first two steps. Kennecott Utah Copper (2006a) reports an 
energy share for gold production of 27% for mining, 54% for concentrating, 12% 
for smelting, 6% for refining and 1% for tailings. Hence, it is assumed that 81% 
of the energy use in gold production is used for those steps directly relating to 
mining and concentrating. Furthermore, the same company reports that 1 kg of 
gold is obtained from 2,180 kg of blister copper, which in turn is produced from 
concentrated copper after the beneficiating process at around 30% Cu-purity. In 
the absence of other sources of information, it is assumed that after beneficiation, 
gold has a concentration of x, = 1.38E — 04. 
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Fig. 12.2 Energy requirements for gold production in function of ore grade. Adapted from Mudd 
(2007b) 


12.4.2 Copper 


Data sets for energy requirements as a function of the copper ore grade are ob- 
tained from the study of Mudd (2010a) of sulphidic ores which contain also cobalt 
and nickel. Mudd allocates energy among minerals according to tonnage. It is 
assumed that 60% of the whole energy recorded is used for the mining and con- 
centration processes!. Kennecott Utah Copper (2004) reports an average grade for 
Cu after beneficiation of x,=28%. For the smelting and refining stages, the authors 
assume the value given by the ecoinvent database (Classen et al., 2007) (21.4 GJ/t). 


1See in Sec. 8.4 the data related to copper energy consumption from Chapman and Roberts 
(1983) and Kennecott Utah Copper (2004). 
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Fig. 12.3. Energy requirements for copper production in function of ore grade. Adapted from 
Mudd (2010a) 


Fig. 12.3 shows the trends for an ore grade range including the average value re- 
ported by Cox and Singer (1992). 


12.5 The exergy replacement costs of the minerals on Earth 


From energy data, one can subsequently calculate the unit exergy costs of the dif- 
ferent minerals studied. As stated above, empirical energy data for mining and 
concentration processes, as a function of ore grade E(x,,), could be found for only 
four minerals: gold, copper, nickel, cobalt and uranium. For the rest of the com- 
modities where no empirical data was known to exist, the general formula applied 
to energy consumption as a function of the ore grade follows the exponential curve 
given by Eq. (12.11). 


E(am) = A+%m°° [am, metal concentration %] (12.11) 


Coefficient A is determined for each mineral since the average ore grades tm, 
(Table 6.10) and the energy required for concentrating and extracting the mineral 
at that specific grade E(a,,) is known (Table 8.3). It should be noted that 2,, 
values are expressed in Eq. (12.11) as a mass percentage of the element under 
consideration. 

The latter is a very rough approximation and is derived by observing the trends 
of commodities where empirical values are readily available. The empirical data 
found for the minerals gold, copper, nickel, cobalt and uranium suggest that the 
energy required for mining grows exponentially with the ore grade (Fig. 12.2, 
Fig. 12.3). This observed fact which is in accordance with the Second Law, allows 
for a general approximation of the exponential energy trend with the ore grade for 
those minerals where no empirical data was available. Empirical data of energy 
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consumption as a function of ore grade suggest relationships varying from 2,0? to 
Xo? (Valero D. et al., 2013). 

With this last step, the authors have now all the components required for asses- 
sing the exergy replacement costs of the minerals analysed. This is done using the 
procedure shown in Fig. 12.1. Note that from all the energy data of Table 8.3 de- 
rived from various different references, only one value? per category and metal has 
been used (for mining & conc. and for smelting & refining). 

Table 12.2 shows a summary of the replacement, mining, concentration and re- 
fining costs of the minerals considered. The exergy replacement costs are expressed 
as “bonus” in the table. It has been assumed, that each substance is extracted 
from only one mineral ore (detailed in parenthesis). The crustal average mineral 
concentration of the deposits and pre-refining average grades are represented by 
Lo, Lm and x,, respectively. For those substances where no data was found con- 
cerning average refining grades, the authors have assumed a value of 7,=0.9. The 
energy consumption trend as a function of the ore grade E(a#,,) requires that the 
ore grade is expressed in mass percentage of the metal considered, if not otherwise 
specified. With Eq. (12.4), the unit exergy replacement costs k(x_) and k(a%m) are 
obtained, assuming that the same energy trend applies for the whole concentration 
grade (from x, to x,). Finally, the mineral bonus is obtained with Eq. (12.3)3. As 
stated in Chap. 4, the bonus (replacement costs) represents the natural exergy of 
the deposit which is gradually being lost when the mine is exploited. To the latter, 
one needs only to add the conventional mining & concentration and refining costs 
as presented in the Table 12.2. 

One can extract some conclusions from Table 12.2. As aforementioned, unit 
exergy costs are calculated as the ratio between the real energy required for mining 
and concentrating a substance and the minimum thermodynamic energy (exergy) 
required to achieve the same process. This means that they provide a measure for 
the irreversibility (or technological ignorance) of the process. The closer the k-value 
is to 1, the less irreversible the process and hence, the lower the quantity of energy 
required. But k is also a function of the ore grade. The smaller it is, the greater 
the mineral’s unit exergy cost. 

For instance, gold has the highest k(x = x,,) value of the metals analysed, at- 
tributable to its low concentration in mines and the amount of energy needed to 
concentrate it. Besides, the actual ore grade in mines is close to that in Thana- 
tia. Contrasting examples are silicon or lime which have a lower k(x = x») value 
ascribed to their high ore grade. 


?With the most reasonable value being taken considering all information sources. 

3Here, only the concentration term is considered since Thanatia contains all minerals evaluated 
but at a lower concentration. This effectively means that there would be no need to produce them 
as they are already available with the same chemical structure. 


Table 12.2: Exergy replacement costs of important industrial minerals. Values 


are expressed in GJ/t of substance if not otherwise specified. 


E(x) xcl[g/g] tmlig/gl «r[g/gl] k(x = x) k(x = tm) Bonus Mining Smelting 
and conc. and re- 
fining 
Aluminium (Gibbsite) E=1,508x-0.5 1.38E-03 7.03E-01 9.50E-01 2,088 1,041 627 10.5 23.9 
Antimony (Stibnite) E=2.72x-0.5 2.75E-07 5.27E-02 9.00E-01 3,929 40 A74 1.4 12.0 
Arsenic (Arsenopyrite) E=26.3x-0.5 4.71E-06 2.17E-02 9.00E-01 1,470 63 400 9.0 19.0 
Beryllium (Beryl) E=4.51x-0.5 3.22E-05 7.80E-02 9.00E-01 362 26 253 7.2 450.0 
Bismuth (Bismuthinite) E=26.3x-0.5 5.10E-08 2.46E-03 9.00E-01 7,859 94 489 3.6 52.8 
Cadmium (Greenockite) E=26.3x-0.5 1.16E-07 1.28E-04 3.86E-03 39,230 3,609 5,898 263.9 278.5 
Chromium (Chromite) E=11.81x-0.5 1.98E-04 6.37E-01 8.10E-01 48 18 5 0.1 36.3 
Cobalt (Linnaeite) E=2.24x-0.64 5.15E-09 1.90E-03 4.56E-02 - - 10,872 9.2 129.0 
Copper (Chalcopyrite) E=23.81x-0.35 6.64B-05 1.67B-02 8.09E-01 525, 170 110 28.8 21.4 
Fluorite E=7.25x-0.5 1.12B-05 2.50E-01 9.00E-01 582 25 183 1.5 - 
Gold E=135,664x-0.285; 1.28E-09 2.24E-06 1.38E-04 6,380,357 2,135,879 583,668 107751.8 - 
Gypsum 1.26E-04 8.00E-01 9.50E-01 118 35 15 0.2 - 
Iron ore (Hematite) 9.66E-04 7.30E-01 9.50E-01 165 78 18 0.7 13.4 
Lead (Galena) 6.67E-06 2.37E-02 6.35E-01 384 21 37 0.9 3.3 
Lime 8.00E-03 6.00E-01 9.50E-01 13 9 3 0.4 5.8 
Lithium (Spodumene) 3.83E-04 8.04E-01 9.50E-01 190 88 546 12.5 420.0 
Manganese (Pyrolusite) 4.90E-05 5.00E-01 6.71E-01 37 8 16 0.2 57.4 
Mercury (Cinnabar) 5.73E-08 4.41E-03 9.00E-01 209,116 2,154 28,298 157.0 252.0 
Molybdenum (Molybdenite) 1.83E-06 5.01B-04 9.18E-01 6,505 660 908 136.0 12.0 
Nickel sulph. (Pentlandite) 5.75B-05 3.36E-02 4.68E-01 13,039 585 761 15.5 100.0 
Nickel later. (Garnierite) 4.10E-06 4.42E-02 8.04E-02 876 136 167 17 412.0 
Phosphate rock (Apatite) 4.03E-04 5.97E-03 9.00E-01 77 29 0.4 0.3 4.6 
Potassium (Sylvite) 2.05E-06 3.99E-01 9.00E-01 1,926 45 1,224.2 3.1 N.A. 
REE (Bastnaesite) 2.54E-05 6.00E-02 8.55E-01 3,075 213 348.4 10.2 374.0 
Silicon (Quartz) 2.29E-01 6.50E-01 9.80E-01 6 9 0.7 0.7 76.0 
Silver (Argentite) 1.24E-08 4.27E-06 9.00E-01 112,846 8,813 7,371.4 1281.4 284.8 
Sodium (Halite) E=8.13x-0.5 5.89E-04 2.00E-01 9.00E-01 71 14 44.1 3.3 39.6 
Tantalum (Tantalite) E=429x-0.5 1.58E-07 7.44E-03 3.80E-01 6,729,367 111,449 482,828 3082.8 8.1 
Tin (Cassiterite) 2.61E-06 6.09E-03 8.63E-01 2,704 133 426 15.2 11.4 
Ti-Ilmenite 4.71E-03 2.42K-02 9.00E-01 172 105 5 7.2 128.1 
Ti-Rutile E=6.32x-0.5 2.73E-04 2.10E-03 9.00E-01 143 67 9 13.8 243.8 
Uranium (Uraninite) E=138.8x-0.28 1.51E-06 3.18E-03 7.50E-01 13,843 3,697 901 188.8 N.A. 
Vanadium E=1.92x-0.5 9.70E-05 2.00E-02 9.00E-01 4,174 632 1,055 136.0 381.0 
Wolfram (Scheelite) E=1.61x-0.5 2.67E-06 8.94E-03 9.00E-01 69,721 3,033 7,429 213.0 381.0 
Zinc (Sphalerite) E=3.01x-0.5 9.96E-05 6.05E-02 7.90E-01 104 13 25 1.5 40.4 
Zirconium (Zircon) E=3.01x-0.5 3.88E-04 4.02E-03 9.00E-01 10,580 4,538 654 738.5 633.0 
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The state of technology also plays an important role. This fact is highlighted 
by aluminium. Even if its ore grade is similar to that of chromium or manganese, 
the elevated value of k(a = 2m) is indicative of the significant irreversibility of the 
production process. Something similar occurs with tantalum, which has a high unit 
exergy cost value compared to other minerals with similar ore grades such as tin or 
tungsten (wolfram). This can be attributed to the elevated energy intensity in the 
mining and concentration steps of tantalum. 

A particular case is that of nickel and its ores. Historically, the metal was likely 
to be obtained from sulphide ores due to the major energy requirement of laterites 
in the refining process (Sec. 8.7). Nevertheless, more Ni resources are in the form of 
laterites (60%) than sulphides (40%). Yet focusing only in the concentration energy, 
sulphide ores have larger concentration requirements than lateritics, as revealed by 
the larger unit exergy costs. 

Of special interest is the value of k(a = x.). When multiplied by the minimum 
exergy required to concentrate the mineral from x, to %m, it represents the amount 
of energy used to mine and concentrate a substance from the bedrock (Thanatia) 
to the current conditions in mineral deposits. It provides a measure of the mineral 
exergy bonus on Earth. The value of the crepuscular unit exergy cost k(x = 2.) 
is always greater than that of the current mineral deposits k(a = x). And this 
difference increases with the separation between the crepuscular grade x, and the 
average ore grade in mines x,,. For instance, the crepuscular k-value of silicon, lime 
or titanium is in the same order of magnitude as the k-value of the mine because 
their average ore grades are close to those of Thanatia. The opposite happens with 
antimony, bismuth or tantalum, which have a very low crepuscular grade compared 
to the current average values, therefore the crepuscular k-value is considerably larger 
compared to that of the mine. 

Considering all such facts, the exergy replacement costs provide hints as to which 
minerals would be the most difficult to replace after complete dispersion. Extracting 
and dispersing a mineral with large exergy replacement costs implies an irreversible 
loss of natural capital that mankind could not realistically replace, given that to do 
so, would require huge amounts of energy, labour and effort. The minerals with the 
highest exergy replacement costs according to the authors’ calculations are gold, 
tantalum, mercury, silver, cobalt, cadmium and tungsten. 

It should be stated that the values obtained are preliminary assessments. Im- 
portant assumptions have been made, such as only one ore is assigned for each 
substance or that the same technology is applied across the whole range of grades 
analysed (including the crepuscular ore grade). One of the major limitations found 
is the lack of real data over time. So estimation of future trends without real and 
reliable information becomes subjective. Therefore, the results and data provided 
are an attempt to create indicators based on physical facts rather than on ever 
changing market policies. 
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12.6 The decrease of mineral endowment due to raw material 
production 


The method outlined previously could be used to assess both the mineral endow- 
ment of the Earth’s crust and its yearly depletion due to mining. However some 
additional remarks need to be made. Recalling Fig. 4.2 one sees that the min- 
ing process does not imply an immediate loss of the mineral exergy bonus of the 
material itself. On the contrary, once extracted, it is elevated through further con- 
centration and refining processes. The same happens when the material goes to 
landfill. Indeed one only loses this bonus when materials cannot be recovered, i.e. 
when a material arrives to Thanatia. This is the case of metallic pigments in paints, 
zinc in tyres, phosphorous in car surface treatments, lead in petrol, phosphates in 
agriculture, metals used as additives in steels, cadmium and other metal dispersion 
in waste incineration, many electroplating materials, mine tailings and hundreds 
more (see Angerer et al. (2009) for details). Also, all fossil fuels required to elevate 
the exergy of materials, become degraded and slowly but irreversibly contribute to 
Thanatia’s form. Taking such considerations into account, one can now assess the 
yearly depletion of the mineral capital endowment due to mineral production. For 
this reason, world primary production figures such as those reported by the Mineral 
Commodity Summaries (USGS, 2010) are required. 

Table 12.3 shows the total exergy replacement costs of the studied production 
chains. According to the authors’ calculations, the exergy replacement costs (bonus) 
associated with the 2008 production of the studied minerals is equal to 5.3 Gtoe. 

It is worth noting that conventional economics only accounts for the energy 
required in the extraction and refining processes. In the case of the materials stud- 
ied, these account for around 10% of the globally produced fossil fuels* in 2008 
(see Eq. (12.4)). The latter percentage lies within the range reported by the World 
Watch Institute (up to 7% of the total world energy consumption) and by the IEA 
(up to 10%). 

In the authors opinion a fairer accountability of resources should also take into 
consideration the use and the subsequent decrease of the non-fuel mineral capital 
endowment. This means that the annual balance of minerals should account for at 
least, the exergy of the world production of fossil fuels and the loss of the exergy 
bonus of non-fuel minerals. As can be seen in Fig. 12.4, the latter represents 33% of 
the entire energy and 40% should the mining, concentrating, smelting and refining 
stages be included. Furthermore it is in the same order of magnitude as the yearly 
loss of coal, oil or natural gas. 

Fig. 12.5 also shows in a schematic way the gross mineral exergy bonus of the 
extraction of the considered minerals for 2008. This bonus is not entirely lost. 


4In Eq. (12.4), the energy associated with the mining and concentration, smelting and refining 
has been depicted as if it comes from coal. This is obviously a simplification, since energy can 
originate from other fossil fuels or even from renewable resources. 
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Table 12.3 Total exergy replacement costs of 2008 world production. Values are 
expressed in Mtoe if not otherwise specified 


Substance 2008 Pro- Bonus Mining & Smelting 
duction, t conc. & refining 
Aluminium (Bauxite) 2.05E+08 3.06E+03 5.15E+01 1.16E+02 
Antimony 1.97E+05 2.23E+00 6.57E-03 5.63E-02 
Arsenic 5.27E+04 5.02E-01 1.13E-02 2.38E-02 
Beryllium 1.38E+02 8.30E-04 2.37E-05 1.48E-03 
Bismuth 7.70E+03 8.97E-02 6.60E-04 9.68E-03 
Cadmium 1.96E+04 2.75E+00 1.23E-01 1.30E-01 
Chromium 6.98E+06 7.54E-01 1.40E-02 6.03E+00 
Cobalt 7.59E+04 1.96E+01 1.66E-02 2.33E-01 
Copper 1.54E+07 4.05E+01 1.06E+01 7.86E+00 
Fluorspar 6.04E+06 2.63E+01 2.09E-01 - 
Gold 2.26E+03 3.14E+01 5.80E+00 - 
Gypsum 1.59E+08 5.83E+01 7.65E-O1 - 
Iron ore 2.22E+09 9.38E+02 3.70E+01 7.10E+02 
Lead 3.84E+06 3.35E+00 8.16E-02 3.00E-01 
Limestone 1.23E+08 7.66E+00 1.06E+00 1.69E+01 
Lithium 3.82E+05 4.96E+00 1.14E-01 3.82E+00 
Manganese 1.33E+-07 4.95E+00 5.13E-02 1.82E+01 
Mercury 1.48E+03 9.97E-01 5.53E-03 8.88E-03 
Molybdenum 1.84E+05 3.98E+00 5.96E-O1 5.26E-02 
Nickel - laterites 1.19E+06 4.76E+00 4.89E-02 1.17E+01 
Nickel - sulfides 1.00E+06 1.82E+01 3.71E-01 2.39E+00 
Phosphate rock 1.61E+08 1.35E+00 1.10E+00 1.77E+01 
Potash 3.48E+07 1.01E+03 2.54E+00 - 
REE 1.34E+05 1.11E+00 3.25E-02 1.19E+00 
Rhenium 5.65E+01 1.38E-01 2.10E-04 2.02E-05 
Silicon 2.83E+06 4.92E-02 4.85E-02 5.12E+00 
Silver 2.13E+04 3.74E+00 6.50E-01 1.44E-01 
Sodium N.A. N.A. N.A. N.A. 
Tantalum 1.17E+03 1.35E+01 8.59E-02 2.27E-04 
Tin 2.99E+05 3.04E-+00 1.08E-01 8.09E-02 
Ti-rutile 6.21E+05 1.30E-01 2.04E-01 3.61E+00 
Ti-ilmenite 6.79E+06 7.29E-01 1.17E+00 2.07E+01 
Uranium 6.09E+04 1.31E+00 2.74E-01 0.00E+00 
Vanadium 5.61E+04 1.41E+00 1.82E-01 5.09E-01 
Wolfram 5.59E+04 9.89E+00 2.83E-01 1.92E-01 
Zinc 1.16E+07 6.85E+00 4.13E-01 1.12E+01 
Zirconium 1.28E+06 1.99E+01 2.25E+01 1.93E+01 
TOTAL 2.98E+09 5,309.08 137.90 973.68 


As explained above, only the part which does not remain in stock or recycled be- 
comes “lost” in reality (Eq. (4.2)). The problem with stock is that to the authors’ 
knowledge no entity (private or public) is currently responsible for the assessment 
of materials in public circulation. At this stage only recycling data is employed in 
the analysis. The USGS reports recycling ratios for some important minerals in the 
US (USGS, 2010) (see Table 12.4). 
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Fig. 12.5 The decrease of the world mineral capital endowment due to raw material production 
in 2008 
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Table 12.4 US recycling rates of selected metals in 2008 
(USGS, 2010) 


Aluminium 48% Iron 61% Tin 34% 
Chromium 34% Lead 77% Titanium 41% 
Copper 32% Nickel 43% Zinc 30% 


For the calculations presented here, US recycling ratios have been extrapolated 
globally®>. This means that from the total mineral bonus extracted, only 72% is 
lost theoretically (3.8 Gtoe), if stocks are not taken into account. If the exergy of 
the fossil fuels used in the extraction and processing of minerals is added, the total 
exergy loss due to mineral production in 2008 is equal to 4.9 Gtoe. It should also be 
stated that only 37 minerals have been considered. Hence, the previously reported 
value would increase, if all mineral commodities were to be included in the analysis. 


12.7 The mineral exergy replacement costs of world mineral 
reserves 


In the same way that the authors have calculated the exergy replacement costs of 
the annual production of minerals, one can apply the methodology to assess the 
mineral exergy bonus of the world’s mineral resources. As stated in Sec. 11.3.2, the 
exergy property alone does not provide a fair value for non-fuel mineral resources. 
Nevertheless, the exergy replacement costs indicate, from a human perspective, the 
effort to re-establish the natural conditions of a deposit after it has been extracted. 
Table 12.5 shows the exergy and exergy replacement costs of the world mineral 
reserves and world resources. 

As can be seen from Table 12.5, the exergy replacement costs of the studied 
minerals are two orders of magnitude greater than their exergy values, which just 
goes to highlight how far human technology is from reversibility. 

From all minerals analysed, aluminium, potash and iron constitute the greatest 
exergy bonus in the crust, with 29.9%, 53.6% and 14.5% respectively of the total 
mineral wealth, corresponding to the great number of reserves found (copper for 
instance, only represents 0.3% of the total wealth). Even if in mass terms iron 
reserves are larger than those of aluminium, the greater concentration of aluminium 
deposits with respect to Thanatia, make these latter deposits “more valuable” from 
an exergy point of view. 

The exergy replacement cost of the known non-fuel world mineral resources are 
one order of magnitude greater than the exergy reserves of fossil fuels: over 8,000 
Gtoe vs. 898 Gtoe of proved fossil fuel reserves. This demonstrates the better 
applicability of the exergy costs for the assessment of the mineral capital on Earth, 
with respect to the property exergy alone. 


5In Chap. 14, additional recycling data is shown. 


Table 12.5: The exergy and exergy cost of the mineral reserves, and world 
resources. Values are expressed in ktoe 


Production Reserves Resources 
Substance Mineral ore B B* B B* B B* 
reported 
by USGS 
Aluminium Gibbsite 5.86E+02 1.09E+06 7.72E+04 1.44E+08 2.14E+05 4.00E+08 
(Bauxite) 
Antimony Stibnite 4.93E+01 2.29E+03 5.26E+02 2.45E+04 N.A. N.A. 
Arsenic Arsenopyrite 1.12E+01 2.38E-+02 2.60E-+02 5.53E+03 2.34E+03 4.97E+04 
Barium Barite 3.12E+01 N.A. 6.59E+02 N.A. 7.76E+03 N.A. 
Beryllium Beryl 1.17E-02 6.39E-01 N.A. N.A. N.A. N.A. 
Bismuth Bismuthinite 9.94E-01 1.10E+00 4.13E+01 4.59E+01 N.A. N.A. 
Boron Kernite 3.69E+02 N.A. 1.44E+04 N.A. N.A. N.A. 
Cadmium Greenockite 3.17E+00 2.84E+03 9.55E+01 8.54E+04 9.71E+02 8.69E+05 
Cesium Pollucite N.A. N.A. 2.23E-01 N.A. N.A. N.A. 
Chromium Chromite 3.47E+02 1.61E+03 1.18E+04 5.50E+04 4.05E+05 1.89E-+06 
Cobalt Linnaeite 3.14E+01 0.00E+00 2.73E+03 0.00E+00 6.21E+03 0.00E+00 
Copper Chalcopyrite 8.94E+03 4.17E+04 3.13E+05 1.46E+06 1.74E+06 8.13E+06 
Feldspar Orthoclase 7.30E+01 N.A. N.A. N.A. N.A. N.A. 
Fluorspar Fluorite 2.53E+02 N.A. 9.65E+03 N.A. 2.10E+04 N.A. 
Gallium Ga in bauxite 1.96E-02 N.A. N.A. N.A. 1.77E+02 N.A. 
Germanium Ge in sulphide ores 2.60E-02 N.A. N.A. N.A. N.A. N.A. 
Gold Native gold 1.92E-02 3.24E+04 3.99E-01 6.73E+05 N.A. N.A. 
Graphite Graphite 9.46E+02 N.A. 6.00E+04 N.A. 6.76E+05 N.A. 
Gypsum Gypsum 8.78E+02 N.A. N.A. N.A. N.A. N.A. 
Hafnium Hf in Zn ores 3.71E+01 N.A. 8.00E+04 N.A. N.A. N.A. 
Helium He in natural gas N.A. N.A. N.A. N.A. N.A. N.A. 
Indium In in Zn, Pb and 5.45E-02 N.A. 1.05E+00 N.A. N.A. N.A. 

Cu sulfides 

Iodine I in brines 5.34E-01 N.A. 3.02E+02 N.A. 6.85E+02 N.A. 
Tron ore Hematite 1.17E+04 9.67E+05 4.04E+05 3.36E+07 5.78E+05 4.79E+07 
Lead Galena 3.38E+02 3.45E+03 6.96E+03 7.10E+04 1.32E+05 1.35E-++-06 
Limestone Calcite 2.86E+03 1.90E+04 N.A. N.A. N.A. N.A. 


Continued on next page... 
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Table 12.5: The exergy and exergy cost of mineral reserves, and world re- 


sources. Values are expressed in ktoe.— continued from previous page. 


Production Reserves Resources 
Substance Mineral ore B B* B B* B B* 
reported 
by USGS 
Lithium Li in brines N.A. N.A. 1.54E+03 1.33E+05 3.95E+03 3.42E+05 
Magnesium Magnesite 1.58E+02 N.A. N.A. N.A. N.A. N.A. 
Manganese _— Pyrolusite 2.72E+02 5.11E+03 1.10E+04 2.07E+05 N.A. N.A. 
Mercury Cinnabar 1.10E-01 9.17E+02 5.58E+00 4.65E+04 5.00E+01 4.17E+05 
Molybdenum Molybdenite 9.11E+01 4.86E+03 3.63E+03 1.94E+05 8.10E+03 4.32E+05 
Nickel Garnierite 9.39E+00 3.87E+03 4.25E+02 1.75E+05 N.A. N.A. 

laterites) 
Nickel Pentlandite 3.89E+02 1.17E+04 1.76E+04 5.31E+05 N.A. N.A. 
sulfides) 

Niobium Columbite 1.52E+00 N.A. 7.00E+01 N.A. N.A. N.A. 
Phosphate Fluorapatite 9.15E+01 1.39E+03 9.10E+03 1.38E+05 N.A. N.A. 
rock 
PGM Cooperite 5.28E-02 N.A. 8.07E+00 N.A. 1.14E+01 N.A. 
Potash Sylvite 8.77E+02 1.05E+06 2.14E+05 2.58E+08 6.30E+06 7.58E+09 
REE Bastnaesite 3.69E+00 1.22E+03 2.72E+03 8.99E+05 N.A. N.A. 
Rhenium Re in molybdenite 4,32E-03 1.43E+02 1.91E-01 6.32E+03 8.41E-01 2.78E+04 
Selenium Se in Cu ores 1.73E-01 N.A. 1.01E+01 N.A. N.A. N.A. 
Silicon Quartz 2.28E+01 N.A. N.A. N.A. N.A. N.A. 
Silver Argentite 1.70E+00 3.85E+03 3.20E+01 7.24E+04 N.A. N.A. 
Strontium Celestine 6.87E+00 N.A. 9.43E+01 N.A. 1.39E+04 N.A. 
Tantalum Tantalite 1.55E-02 1.39E+04 1.46E+00 1.30E+06 N.A. N.A. 
Tellurium Te in Cu ores N.A. N.A. 1.40E+00 N.A. N.A. N.A. 
Thorium Thorite N.A. N.A. 5.78E+01 N.A. N.A. N.A. 
Tin Cassiterite 3.08E+00 3.13E+03 5.77E+01 5.86E+04 N.A. N.A. 
Ti-rutile Rutile 4.34E+00 1.35E+02 3.14E+02 9.75E+03 9.00E+02 2.79E+04 
Ti-ilmenite Ilmenite 1.37E+02 7.52E+02 1.37E+04 7.53E+04 4.02E+04 2.21E+05 
Uranium Uraninite 8.21E-01 1.16E+03 1.02E+02 1.44E+05 1.87E+02 2.64E+05 
Vanadium V in other ores 1.93E+01 1.45E+03 4.48E+03 3.37E+05 2.17E+04 1.63E+06 


Continued on next page... 
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Table 12.5: The exergy and exergy cost of mineral reserves, and world re- 
sources. Values are expressed in ktoe.— continued from previous page. 


Production Reserves Resources 
Substance Mineral ore B B* B B* B B* 
reported 
by USGS 
Wolfram Scheelite 1.16E+00 1.02E+04 5.82E+01 5.11E+05 N.A. N.A. 
Zinc Sphalerite 3.22E+03 7.06E+03 5.56E+04 1.22E+05 5.28E+05 1.16E+06 
Zirconium Zircon 4.30E+00 1.02E+04 2.80E+02 6.67E+05 N.A. N.A. 
Sum 3.27E+04 3.32E+06 1.75E+06 4.81E+08 1.483E+07 8.35E+09 


End of the table 
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The drawback of using exergy costs is that as opposed to exergy, it depends 
on the state of technology and hence, varies with time. Nevertheless, it provides 
a mineral appreciation which is closer to common accounting principles. Again, 
the authors reiterate that these numbers should be taken with caution, due to the 
existence of many assumptions. They do serve however as an illustration of the 
order of magnitude as to the physical value of mineral wealth. 


12.8 Summary of the chapter 


The aim of this chapter has been the exergy cost assessment of the mineral en- 
dowment on Earth. To that effect, the calculation procedures for obtaining exergy 
replacement costs initially introduced in Chap. 9 were shown. 

Unit exergy replacement costs k, i.e. the ratio between the real energy and the 
minimum exergy required to undertake a certain process varies with time and with 
ore grade. This is because as ore grades decrease, the energy required to extract a 
certain mineral from the mine increases, whereas with sufficient time, technological 
progress improves the efficiency of processes and thereby reduces energy consump- 
tion. 

Therefore, ideally, unit exergy replacement costs should be obtained empirically 
from real data of energy vs. ore grade trends. However, such information is limited 
to gold, copper, nickel, cobalt and uranium. The results obtained suggested an expo- 
nential relationship of energy vs. grade varying from x;7,°? to x,,°°°. Accordingly, 
for the minerals where no empirical data was available, the general relationship: 
E(am) = A+ %m°° was assumed. 

With energy values obtained in Table 8.3 and average ore grades presented in 
Table 6.10, the exergy replacement costs of 37 mineral commodities were calculated. 

As a case study, the exergy replacement costs associated with 2008’s global 
mineral production were ascertained. The results obtained quantify that the useful 
energy that Man saves, thanks to the existence of mineral deposits, is at least in 
the same order of magnitude as the annual depletion of coal, oil or natural gas. 

The analysed substances represent however only a part of the globally used 
mineral resources, so the complete saving if one includes all minerals is even larger. 
This analysis thus enhances and puts numbers to the importance and necessity of 
material reuse and recycling. 

But how will the mineral endowment on Earth vary in the future? Will there be 
enough resources to support the increasing demand for minerals? All such questions 
are explored in the following chapter. 


Chapter 13 


The Exergy Evolution of Mineral Wealth 


13.1 Introduction 


The aim of this chapter is to include a new dimension in the exergy evaluation of 
mineral wealth: time. To do this, the authors use the Hubbert Peak Model, which is 
a way of forecasting when a commodity is expected to reach maximum production. 
The model is applied first for a single country (Australia) and then extended to the 
entire globe. In this book specifically, the production data input into Hubbert’s 
model relates to a commodity’s exergy rather than its tonnage, thereby introducing 
the concentration factor. This novel approach also allows for simplified illustrative 
comparisons among results. 


13.2 The Hubbert Peak Model applied to exergy 


Hubbert (1956, 1962), a geoscientist working for Royal Dutch Shell in Texas, found 
in the mid-fifties that trends in fossil fuel production almost always followed an 
identical pattern. All curves, regardless of the fuel’s exact specification, started 
slowly before rising steeply and tending towards an exponential increase over time, 
until an inflection point was reached, upon which the shape became downward con- 
cave. The observed trends that Hubbert saw were and remain to this day based 
on the fact that no finite resource can sustain beyond a brief period such a pro- 
duction growth rate; therefore, although production rates tend initially to increase 
exponentially, physical limits prevent their continuing to do so. 

So for any production curve of a fixed amount finite resource, two points on 
the curve are known on the outset, namely that at ¢ = 0 and again at t = oo. 
The production rate will be zero when the reference time is zero and the rate will 
return to zero when the resource is exhausted, after passing through one or several 
maxima. The second consideration is that the area under the production curve 
must equal the quantity of the resource available (R). In this way, the production 
curve of a certain resource throughout history takes the ideal form of the bell as 
shown in Fig. 13.1. 
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Fig. 13.1 Hubbert’s bell shape curve of the production cycle of any exhaustible resource (Hubbert, 
1956). 


Hubbert’s bell-shaped curve can be mathematically described through the 
generic gaussian curve shown in Eq. (13.1). 


Se) ° 
f(t) =yoe 7% (13.1) 
The integral of the gaussian curve is equal to the reserves (R) of the commodity: 
+00 
/ f(t)dt=R (13.2) 
0 


And the integral of Eq. (13.1) is given by Eq. (13.3). 
t—tg 


7 oa) a=ialon (13.3) 
0 


Combining Eq. (13.2) and Eq. (13.3) and taking into account that the curve is 
symmetric, the reserves can be expressed as: 


yobov 2r=R (13.4) 
Hence, the model of the curve to be adjusted is given by Eq. (13.5): 
R _1(t-to)? 
22 Ca) (13.5) 


whereby the parameters by and tg are the unknowns. The function’s maximum is 
given by parameter to, and it verifies that f(to) = ae 

The relationships expressed in this model (curve) were successful in predicting 
peak oil extraction between the late 1960s and early 1970s in the lower 48 states of 
the U.S. and a subsequent decline in production. 

The Association for the Study of Peak Oil & Gas (ASPO) is actively engaged 
in disseminating studies on this matter. ASPO’s founder Colin Campbell defines 
peak oil as!: “the maximum rate of the production of oil in any area under consid- 
eration, recognising that it is a finite natural resource, subject to depletion”. Some 


1See: http://www.peakoil.net/. Accessed Jan. 2013. 
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prominent studies also used Hubbert’s model to predict the evolution of crude oil 
extraction at the planetary level (Deffeyes, 2001; Bentley, 2002; Campbell and La- 
herrére, 1998; Campbell, 2003). According to these estimates, the corresponding 
peak in production should take place within the first decade of the 21st century or 
not much later. And as Campbell and Laherrére (1998) argue, from an economic 
perspective it is not directly relevant that the world exhausts all its fossil fuels, what 
matters is when production begins to taper off because beyond that point, prices 
will rise unless demand declines commensurately. 

It must be pointed out that any successful prediction obtained using the model 
(or its derivatives) depends on many factors, the reliability of the estimated reserves 
being a critical one. For instance, Forrester/Meadows models (Forrester, 1971; 
Meadows et al., 1972) are almost always asymmetric with the decline much sharper 
than the growth. Bardi (2005) showed also that the bell-shaped curve may turn 
out to be strongly asymmetric should certain extraction strategies be used. In 
fact, especially when the peak is in sight, various factors other than pure geological 
scarcity come into play. As Bartlett (2000) argues, actual production curves will be 
most likely modified by economic, geological, political, technological amongst other 


factors, which may result in a deterioration of the quality of fit between the data 
and the Gaussian curves. In the same way, H66k et al. (2010a) claim that peak 
(oil) is a theory backed by phenomenological evidence, including geology, reservoir 
physics, fluid mechanics, statistical physics, economics, and actual observations. 

Accordingly the authors classify the possible deviations of the empirical data 
from the theoretical curves into the following categories: 


e Political instability: the political/economic intervention of OPEC in 1973-4 
and again in 1980 following the Iran-Iraq War is for instance argued to have 
prevented the Hubbert (1971) global peak oil prediction of 2000 from being 
correct (Almeida and Silva, 2009). Thus, as economists tend to argue, the 
interaction of supply and demand determines the equilibrium price path in a 
market economy. It may also determine the equilibrium production path, i.e a 
price spike cannot solely be in response to physical scarcity. 

e Investment niche: gold is the most representative commodity whose produc- 
tion depends strongly on market speculation. Indeed with the global economic 
instability and market price fluctuations (prices have multiplied fourfold in just 
one decade, passing from below 10 million $/t in 2000 to close to 40 in 2010 - 
Fig. 13.2) investment in gold has increased, as investors seek safe-havens (USGS, 
2010). Other precious metals such as silver or platinum follow similar patterns 
of behaviour. 

e Environment and health factors: certain minerals have proven to be dangerous 
for the environment and/or human health. Consequently, alternative and safer 
options have been sought to replace the original substance in its application, 
leading to sharp reductions in its extraction. Obviously if there is no commercial 
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interest in a mineral, there is no investment wasted in its exploration. Hence, 
a real or perceived mineral scarcity often has an economic origin rather than a 
geological one. A clear example of this is that of mercury. Its decline in con- 
sumption, except for in small-scale gold mining, forced companies to curve and 
finally stop production (see Fig. 13.36), as is the case for the Spanish Almaden 
mine, once the leading producer, where mining ceased in 2003. Consequently, 
production is said to follow an economic-driven bell-shaped curve. Commodi- 
ties with similar stories are those of arsenic, beryllium, antimony or radioactive 
minerals (mainly uranium and thorium). 

Concentration of supply: as claimed by Moss et al. (2011), where the struc- 
ture of supply is monopolistic or dominated by only a few players, individual 
large supplier countries have sufficient market power to affect global production 
and price thresholds as in the case of rare earths, antimony or fuel minerals, 
particularly oil and natural gas. 

Byproduct character: when the mineral is a byproduct, production decisions 
may be driven by the economics of the host-metal and hence the curves do 
not necessarily follow typical bell-shaped curves. This aspect is especially pro- 
nounced at the local scale as the reader will see in the case of Australian silver, 
lead and zinc deposits. 

Technological factors: this category relates to the ability to substitute and 
recycle minerals. The general trend observed is that these factors only slightly 
affect a commodity’s production pattern. For instance, in the case of aluminium 
or iron (see Fig. 13.38), where recycling rates are high, the effect of recycling 
is imperceptible due to the continual growth in demand for new raw-material. 
Nevertheless, substitution and recycling could become more critical into the 
next decades when scarcity becomes more acute. Once the peak of a mineral 
has been reached (or when it is in sight), the sought for alternative materials 
and recycling is enhanced so as to reduce production costs. The result is that 
the curve is asymmetrical, given that the section right of the peak falls more 
rapidly than the left climbed. 


The authors however firmly recognise that the absolute limiting factor, regardless 


of all other activity, is and will always be the geological availability of the resource. 


Generally speaking, the Hubbert Peak Model can be rather satisfactorily applied 


to those minerals, where the concentration factor is not important, 7.e. to liquid 


and gaseous fossil fuels. However, there have been a few prominent studies relating 
the application of the Hubbert model to non-fuel minerals. Meadows et al. (1972) 
applied exponential-like curves to the production of various different commodities. 
Roberts and Torrens (1974) meanwhile, used the model to examine the production 
cycle of copper. Arndt and Roper (1977) examined peak data of 35 non-renewable 
minerals in the U.S. and worldwide. Such studies, given the lack of information re- 
garding consumption rates or future reserve estimates at the time (essential aspects 
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Fig. 13.2 Evolution in gold price throughout the 20th century. Data obtained from USGS (2010) 


for the methodology) were strongly influenced by the need to make assumptions. 
Results today are more reliable given that the curve can be defined through many 
more points and there is better estimations for mineral reserves. Bardi and Pagani 
(2008) for example examined the world production of 57 minerals reported in the 
USGS database and came to the conclusion that the bell-shaped curve can be used 
globally and for most minerals, not only for fossil fuels. 

In the authors’ opinion the bell-shaped curve is better suited to non-fuel minerals 
than fuels if exergy is plotted against time instead of mass over time. This is because 
whilst fuel quality remains near constant with extraction, non-fuel mineral quality 
degrades as time goes on (as long as mining continues). Therefore exergy is a 
better unit of measure than mass, since it accounts not only for quantity but also 
for ore grades and composition. Accordingly, in this book the exergy replacement 
cost associated with the extraction of a certain commodity over time is represented. 
With a least squares procedure, the points are adjusted to fit the curve given by 
Eq. (13.5). It should be noted that using either exergy, B, or exergy replacement 
costs, B*, vs t is not particularly important given that the peak value remains the 
same — the unit exergy replacement costs having been considered to be constant 
throughout the period of time assessed. 

Presenting the Hubbert Peak Model in terms of exergy replacement cost holds 
a further advantage: all curves can be shown within a single diagram, given that 
the orders of magnitude are similar. This will be known from now on as “Exergy 
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countdown”, since it shows in a very schematic way the amount of exergy resources 
available and the possible exhaustion pattern that they will follow. 

Additionally, since exergy is an additive property, one can apply Hubbert’s bell- 
shaped curve to the sum of all fuels. In fact, the depletion of one fossil fuel may 
lead to a greater consumption of the others (in order to compensate). 


13.3. The depletion of the exergy reservoir for the principal 
minerals in Australia 


The calculation of the exergy depletion throughout the history of non-fuel minerals 
requires a great amount of data including world trends of natural resource produc- 
tion and consumption, ore grade tendencies and mineral reserve projections. Yet, 
information is not always obtainable and considerable effort is needed to gather it, 
especially since for most commodities, ore grade trends are not studied. Fortunately 
for some, especially in Australia, statistics are available. Assimilating such a great 
amount of information is not always easy or sufficiently didactic for decision makers. 
However, all such data can be easily processed and summarised according to one 
indicator, exergy. 

From now on, the authors’ objective is to assess, from a Physical Geonomics 
point of view, the degradation of the main fuel and non-fuel mineral resources of 
a given country throughout its mining history. Australia was chosen for such a 
purpose for two reasons: 1) It is a major mineral producer and exports numerous 
commodities around the world; 2) a comprehensive analysis of Australian mining 
data has been provided by Mudd (2007b,a, 2010b). Mudd (2010b) particularly was 
an attempt to shed light on the current debate on sustainable mining practices, 
by establishing alterations in ore grades for various minerals and metals. Waste 
production was also quantified. Mudd (2010b) thus provides valuable information 
on historical production data, ore grades and reserves. For some commodities such 
as copper, this information dates back to 1844?. 

The exergy replacement cost and the Hubbert Peak of the principally extracted 
Australian minerals: Au, Cu, Ni, Ag, Pb, Zn and Fe, in addition to the fossil fuels 
coal, oil and natural gas was preliminarily studied in Valero D. et al. (2009). In 
what follows, the authors show an update of the latter investigation. To that effect, 
it was assumed that each of the metals are produced from only one type of mineral 
ore, chalcopyrite for Cu, hematite for F'e, sphalerite for Zn, native gold for Au, 
argentite for Ag, galena for Pb and garnierite for Ni. The concentration exergy, b,, 
was calculated with Eq. (9.30) and the value of x, was taken from the composition 
of Thanatia detailed in Table 10.5. Finally, the unit exergy costs applied are those 
described in Table 12.2. 

The exergy of fossil fuels was calculated with the equations provided in Sec. 9.5.3 
and as stated in previous chapters, only the chemical exergy component of fuels is 


2 All data used in this section is sourced from Mudd (2010b) and includes minor updates of his 
2007 data. 
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considered as it makes no sense to calculate their exergy replacement costs, since it 
is impossible to replace photosynthesis with currently available technology. 


13.3.1 Gold 


Gold has played an important role in Australia’s history, strongly influencing the 
economic, social, environmental and political life of the country. The Australian 
gold industry is characterised as having continuous cycles of boom and bust. The 
most representative inflection points occurred in the late 1800s and around 1980. 
The 1850s is often regarded as the first “gold rush” decade which occurred in eastern 
Australia. Since then substantial amounts of gold have been extracted: the 1890s 
gold boom of Western Australia, the 1930s mini-boom during the Depression years 
and most recently the major gold boom which began in 1980. All booms of the 
1800s were related to discoveries, while the one of the 1930s was sparked by an 
increase in the price of gold. Likewise, that of the 1980s resulted from a price rise 
of $US1,300/t Au in the early 1970s to $US12,000/t Aw in only a decade (Kelly 
et al., 2005). This combined with the development and commercialisation of new 
carbon-in-pulp processing technology made it possible to profitably mine low grade 
deposits. That said, the Australian gold industry is now into the 21st century 
struggling to maintain production whilst the discovery of new deposits is proving 
harder, even in existing mines and the known gold-rich regions (Fig. 13.3). 
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Fig. 13.3 Ore grade and exergy replacement cost of Australian gold mines 
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Gold’s ore grade has followed a general declining trend, even though there have 
been various intermediate peaks coinciding with new discoveries. Ore grades have 
descended from 50 g/t in 1857, to 1.94 g/t in 2007. 

With this information, the authors have calculated gold’s natural exergy bonus 
(exergy replacement cost) which has decreased from 13 to 7 toe/kg in the period 
analysed. They have also produced a Hubbert Peak Model for all post-1943 Aus- 
tralian gold deposits. Previous years have been discarded due to the fluctuation 
of production rates, caused by the discovery of new gold fields. It was assumed 
that by 1943 most of the reserves had been already discovered. The value of R for 
1943 was calculated as the sum of the exergy replacement cost reserves in 2007, 
plus the cumulated exergy replacement cost of production between 1943 and 2007 
(Rio43 = 90.9 Mtoe). Accordingly, the theoretical peak in production occurs in 2007 
(see Fig. 13.4) with a regression factor of RF’ = 0.87. It should however be noted 
that empirical data suggests that the peak occurred some ten years earlier. The 
authors believe that the discrepancy between the real and modelled peak may have 
been caused by external factors, which include for example, corporate strategies 
rather than resource scarcity per se. 


2500, T 1 T 


2000+ 


1500/- 


1000 


ol L Ll Ll L 
1920 7940 1960 1980 2000 2020 2040 2060 2080 2100 


Fig. 13.4 The Hubbert peak applied to Australian gold reserves 


13.3.2 Copper 


Copper has also been an important contributor to the country’s wealth, given that 
Australia is a major world copper producer. Copper deposits were discovered and 
have been worked on a significant and profitable scale since 1842. Ore grades have 
however declined from over 27% to 1.01%. Exergy replacement costs have decreased 
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accordingly from a maximum of 1.68 toe/t in 1849 to 1.03 toe/t in 2007. Yet and de- 
spite an accompanying 39% decrease in the natural exergy bonus, Australian copper 
ore grades are still greater than that of any other country®. Additionally, a signifi- 
cant amount of copper deposits have been discovered throughout the last quarter of 
a century and prospects for the Australian copper industry remain promising. Ma- 
jor world-class copper discoveries include Olympic Dam, Ernest Henry, Prominent 
Hill, Northparkes, Cadia Valley, Carrapateena and Rocklands, with major reserves 
still remaining at currently producing mines such as Mt Isa, Cobar and Mt Lyell. 


GM Exergycost ™—Ore grade 


Fig. 13.5 Ore grade and exergy replacement cost of Australian copper mines 


The Hubbert Peak Model applied to Australian copper is shown in Fig. 13.6. 
Considering that copper reserves are Rigg4 = 242 Mtoe, the peak is set to occur in 
2026. The regression factor is RF = 0.96. 


13.3.3 Nickel 


Large-scale production of nickel is one of Australia’s youngest mining sectors be- 
cause although very minor nickel production existed as early as in the 1910s, it 
was in 1966, with the discovery of the large high grade Kambalda nickel field in 
central Western Australia that production and exploration boomed. Since then, 
extraction has continued to increase, albeit with a slight stagnation from 1977 to 
1994 (see Sec. 13.7). The most recent nickel boom, beginning in the mid-1990s has 


3 According to USGS (Various years), in the U.S. the current ore grade is around 0.5%. 
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Fig. 13.6 The Hubbert Peak applied to Australian copper reserves 


been supported by the development of a new technology, namely “high pressure acid 
leach” or HPAL (Sec. 8.7.2) which is capable of processing difficult to treat nickel 
laterite ores*. 

Fig. 13.7 shows that the ore grade of Ni mines has decreased from 4.57 to 1.17% 
in the time period analysed. Accordingly, the natural bonus decreased from 1.6 to 
1.4 toe/t. 

Fig. 13.8 shows the Hubbert Peak Model applied to Australian nickel reserves. 
Considering that the reserves of nickel were Ri9¢7 = 112.3 Mtoe, the peak is set to 


occur in 2039. The regression factor of the curve is RF’ = 0.80. 
13.3.4 Silver 


Silver is usually found in Australian mines also containing lead and zinc and hence 
their production rates are highly connected. Silver can also be produced from gold 
or copper mines but this is a minor contribution when compared to their lead- 
zinc-silver counterparts. The Broken Hill silver-lead-zinc field in New South Wales, 
responsible for the establishment of almost all major mining companies in Australia, 
was discovered in 1883 and quickly proved very profitable. 

Silver ore grades have since suffered a drastic reduction, passing from over 3,500 
g/t in the initial years, to less than 800 g/t in only a decade. Since 1931, ore grades 
have declined to less than 200 g/t, with the current ore grade around 105 g/t (see 
Fig. 13.9). This loss of quality is reflected in the natural bonus: 342 toe/t in 1884 
and dropped to 248 toe/t in 2007. 

The Hubbert Peak Model applied to silver reserves generates a poor fit. The 


4The major mine at Murrin Murrin has been particularly instrumental in pioneering HPAL plants 
(it should be noted that other similar and simultaneously occurring projects failed financially and 
technically, namely Cawse and Bulong). 
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Fig. 13.7 Ore grade and exergy replacement cost of Australian nickel mines 
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Fig. 13.8 The Hubbert Peak applied to Australian nickel reserves 


regression factor is very low (RF = 0.57), considering that the reserves expressed 
in exergy replacement costs are Rigg4 = 36.0 Mtoe. The theoretical peak was 
envisioned to occur in 2009 (see Fig. 13.10), yet empirical data suggests otherwise 
(ABARE, 2011). However, silver is a special case since it is extracted only as a 
byproduct of other minerals such as copper, lead, zinc and to a lesser extent, gold 
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Fig. 13.9 Ore grade and exergy replacement cost of Australian silver mines 


(Geoscience, 2005). Hence, why production patterns may not follow those typical 
for other commodities. 


13.3.5 Lead 


Lead production has followed a generally increasing trend since the beginning of 
its mining industry. Lead is closely allied to silver in terms of mining, through 
lead-zinc-silver ores. In Australia, almost all lead is mined this way, with only 
minor quantities being produced from lead only ores. The polymetallic lead-zinc- 
silver-copper-gold ores found at Rosebery in Tasmania have been a moderate but 
important source of lead since the 1930s. Prior to the discovery of the large Broken 
Hill field in New South Wales, the Northampton lead field in Western Australia was 
a very minor producer and although the grades appeared very rich at 50-60%, this 
was most likely an artifact of selective hand-picking of ore. Other lead producers in 
Australia include Mt Isa and CanninGt mines in Queensland, the Elura/Enterprise 
mine in New South Wales and the McArthur River Mine in the Northern Territory”. 

As in the case of silver, lead ore grades decreased dramatically over a short period 
of time. During the first 20 years of the lead industry, ore grades remained at 
around 60% albeit from that point on they dropped to below 20%. In fact, the 2007 
ore grade is as low as 3.6%. Accordingly, the natural bonus of 1.2 toe/t in 1877 
decreased to 0.8 toe/t in 2007 (see Fig. 13.11). 


5Historic mines or producers include Captain’s Flat, Woodlawn, Hellyer, Magellan and Century 
Zinc. 
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Fig. 13.10 The Hubbert Peak applied to Australian silver reserves 
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Fig. 13.11 Ore grade and exergy replacement cost of Australian lead mines 


Fig. 13.12 shows the Hubbert Peak Model applied to lead. The theoretical peak 
year is reached in 1994, considering that the economic demonstrated reserves are 
Rigs59 = 57.9 Mtoe. The regression factor is RF = 0.84. It should be noted that 
the production points for the latest years (1998 - 2007) do not fall under the curve. 
According to production data, the real peak might have been reached in 2002 which 
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in turn may be indicative of reserve overproduction in the period between 1997 
to 2002. This suggests the possibility of an abrupt decrease in future production. 
Nevertheless, lead’s pattern might not follow that of other commodities, given that 
it is extracted as a byproduct. Consequently the authors advise the reader to take 
the model with precaution. 
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Fig. 13.12 The Hubbert Peak applied to Australian lead reserves 


13.3.6 Zine 


Very little interest was shown in zinc until the beginning of the 20th century because 
no known method for efficient Zn separation and recovery had been found. Neither 
was there significant global consumption and/or demand. Indeed Zn was previously 
seen as a problem within silver and lead mining before a new method of flotation, 
first applied in 1905 led to the emergence of the industry. 

Prior to the late 1940s the Zn grade of Australian mines fluctuated strongly 
between 3 and 17%. Since then, Zn grades have tended to stabilise to around 8.5% 
(0.46 toe/t in natural exergy bonus terms). 

The Hubbert Peak Model applied to the Australian Zn reserves is shown in 
Fig. 13.14. As zinc mining is closely related to the mining of lead and silver, a 
similar behaviour is expected. The latest production figures (2000 - 2007) do not 
fall under the curve. Despite this, the adjusted curve has a better regression factor 
than that of lead and silver at RF = 0.90. The theoretical peak year, assuming 
the economic demonstrated reserves Rig93 = 60.4 Mtoe is 2012. Empirical data 
(ABARE, 2011), meanwhile, is however far from conclusive and does not point to 
any definite peak. 
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Fig. 13.13 Ore grade and exergy replacement cost of Australian zinc mines 
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Fig. 13.14 The Hubbert Peak applied to Australian zinc reserves 


13.3.7 Iron 


The rich Pilbara field in Western Australia discovered in around 1960 helped the 
nation to become the third-largest iron ore producing country in the world, after 
China and Brazil. The economic demonstrated iron ore reserves have fluctuated 
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Fig. 13.15 Ore grade and exergy replacement cost of Australian iron mines 
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Fig. 13.16 The Hubbert Peak applied to Australian iron reserves 


throughout the last century and so has the associated ore grade. There has been 
some variability in the scale of iron ore reserves over time, even recently, due to 
price variations. The relative dominance of rich Pilbara iron ore mines has allowed 
ore grades to stabilise® at around 62%, the equivalent of approximately 0.46 toe/t 
(see Fig. 13.15). This is beneficiated and ready to market iron ore and not raw or 


6Prior to the discovery of Pilbara, iron ore mining in Australia in New South Wales and South 
Australia was more variable in grade. 
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“as-mined” ore, which would be slightly lower in grade. The availability of reliable 
data regarding iron grades and production trends dates back to 1907, although there 
are single figures for some years as far back as 1850. Ore grades unfortunately are 
missing for the following time periods or individual years: 1930 - 1934; 1936 - 1940; 
1946 - 1951; 1966 and 1994. These absences are represented by a horizontal straight 
line in Fig. 13.15 assuming the value of the last available record. 

The Hubbert Peak Model satisfactorily applies to Australian iron reserves, as 
can be seen in Fig. 13.16. The theoretical peak year is set to be reached in 2030, 
considering that the economic demonstrated reserves are Ri997 = 15.8 Gtoe. The 
regression factor is also very acceptable: RF = 0.94. 


13.3.8 Coal 


Australian coal was first discovered in 1791 in New South Wales with the first 
coal mining settlement established there in 1801 (AusIMM, 1993). Since then, coal 
mining has increased dramatically and now occurs in every state. Around 75% of 
the coal extracted is exported, mostly to East Asia. Consequently, the country has 
become the fourth largest coal producer in the world. Coal also provides for around 
85% of the national electricity production with its relative abundance, reliability 
and low cost having ensured that it remains the most commonly used fuel source 
for Australian electricity generation (ISR, 2001). 

The main types of coal extracted are bituminous and to a lesser extent, lignite. 
Small amounts of subbituminous and traces of semi-anthracite are also produced. 
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Fig. 13.17 The exergy loss of Australian coal reserves 
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Table D.9 (appendix), shows the production of the different types of Australian coal 
in the period between 1913 and 2008. The data has been extracted from the histo- 
rical statistics compiled by the BGS and its preceding organisations. The exergies 
of the coal extracted in the stated period are shown in Fig. 13.17. The specific ex- 
ergies of anthracite, bituminous, subbituminous and lignite used are the ones listed 
in Table 11.10 (brrr). Based on BP (2010), 2009 Australian coal reserves amounted 
to: 36.8 Gtoe for anthracite and bituminous and 36.0 Gtoe for subbituminous and 
lignite (Fig. 13.17). 

Hubbert’s bell-shaped curve applied to Australian coal production reveals that 
the theoretical peak could be reached in 2047. As can be seen in Fig. 13.18, the 
model applies satisfactorily, with a regression factor of 0.99. 
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Fig. 13.18 The Hubbert Peak applied to Australian coal reserves. Values in ktoe. 


13.3.9 Oil 


According to BP (2010), Australia has around 0.46 Gt of oil reserves. The majority 
of which are located off Western Australia in the Carnarvon Basin and in the Bass 
Strait off the coast of South Australia. Australian oil production does not cover 
internal consumption and around 39% of the total needs to be imported. Oil pro- 
duction has increased gradually since 1980, peaking in 2000. Thereafter, Australia 
experienced an overall decline in oil production stemming from reduced produc- 
tivity in basins such as Cooper-Eromanga and Gippsland and a lack of new fields 
coming online (EIA, 2004). However, new exploration efforts, especially offshore, 
could help stabilise the country’s oil output over the next few years. 

Historical data is very fragmented. Reliable and continuous information can only 
be found after the 1960s. In fact, it was not until then that the country started 
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to produce considerable amounts of oil. It is worth mentioning that in addition to 
crude petroleum, oil shale’ has been exploited in the past and might be taken up 
again in the future. 

Table D.10 in the appendix shows Australian oil production data from 1913 until 
2009, published by the BGS and its former organisations and completed with BP 
data (BP, 2010). 


45,000 
B, ktoe 


40,000 


35,000 


30,000 


25,000 


20,000 


15,000 + 
10,000 ; 


5,000 + 


04 

S VP LP cP AO AV Ah AO AD aD oh oh oO 
& SPP KO AY A SO A oo Oho of 
PPA PM MMMM MMMM Ve 


D OD GD oO © od OD DY 
De DD” DD DM DM OD’ HD 
PP PP? PP 


© 
S” 
ef P 


Year 


Fig. 13.19 The exergy loss of Australian oil reserves 
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Fig. 13.20 The Hubbert Peak applied to Australian oil reserves 


“Oil shales are sedimentary rocks containing a high proportion of organic matter (kerogen) which 
can be converted to synthetic oil or gas by processing. 
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Fig. 13.20 shows the Hubbert Peak Model applied to Australian oil production. 
The theoretical peak occurs in 1996, with a regression factor of RF'=0.92. The 
empirical peak was reached in 2000 and was followed by a sharp decrease in pro- 
duction. This behaviour is the same as that found in U.S. copper mines and in the 
models of Meadows et al. (1972), indicating that the symmetrical exponential curve 
of Hubbert might not be the best fit. 


13.3.9.1 Natural gas 


Australia has sizable natural gas reserves located in offshore basins and in most of its 
states. The country is the fifth largest exporter of liquefied natural gas (LNG) in the 
world. Natural gas production has increased steadily over the last decade. Domestic 
consumption has also grown. The country is expected to maintain, at a minimum, 
natural gas self-sufficiency for the ensuing decade. Additionally, recent natural gas 
exploration has resulted in several important discoveries, mainly offshore. Further 
discoveries will surely be made, probably inadvertently as a byproduct of the coun- 
try’s recent surge in petroleum exploration (EIA, 2004). 

Historical data on Australian natural gas production dates back to 1961. Ta- 
ble D.11 in the appendix shows production data compiled by the BGS. Reserves 
have increased in the last few years reaching approximately 3.1 trillion cubic me- 
ters in 2009 (BP, 2010). The exergy loss of Australian natural gas reserves due to 
extraction is shown in Fig. 13.21. 
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Fig. 13.21 The exergy loss of Australian natural gas reserves 


The application of the Hubbert bell-shaped curve generates a peak in 2029. It 
has been assumed, that the total reserves are equal to 3.6 Gtoe’. The regression fac- 


8The total reserves are obtained as the exergy reserves in 2009, plus the cumulated exergy pro- 
duction between 1961 and 2009. 
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tor RF is 0.98. Of course these numbers are only hypothetical and will presumably 
increase, as new deposits are found. 
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Fig. 13.22 The Hubbert Peak applied to Australian natural gas reserves 


13.3.10 Summary and discussion of the results 


Table 13.1 summarises the results obtained, including the anticipated year of max- 
imum production (as indicated by the peak), the static R/P ratio of the latest 
recorded year, the depletion degree of the commodities (% R. loss), the quantity 
of metal extracted (AMtMe) in Mtonnes, the exergy replacement costs (natural 
bonus, AB*) and degradation velocities (B*) of Australian fuel and non-fuel mine- 
ral reserves throughout the given period (At). Since exergy is an additive property, 
the total exergy replacement costs of the mines considered can be also calculated. 
The Hubbert Peak Model corresponding to the exergy reserves of the Australian 
minerals considered satisfactorily applies to gold, copper, nickel, iron, coal, oil? and 
natural gas. This was not the case for silver, lead or zinc, where the regression 
factors of the curves were low and the latest production points did not fall under 
the bell-shaped curve. As the production of all three metals are closely related, it is 
perhaps not unreasonable that the general behavioural pattern is not followed. With 
the aforementioned limitations, according to the economic demonstrated reserves 
of the listed minerals, the Hubbert Peak Model applied in this book predicts that 
the maximum production has been already reached for zinc (2012), silver (2009), 
gold (2007), oil (1996) and lead (1994). The theoretical peak for copper is 2026, for 
natural gas, 2029, iron should be in 2030, nickel in 2039 and finally coal in 2047. 


°Despite irregularities in oil production, the model successfully predicted peak production, within 
a discrepancy of four years. 
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Table 13.1 Results summary for the principal Australian minerals 


Mineral At Peak R/P, % R AMtMe_ AB*, B*, 
yrs Loss ktoe ktoe/yr 

Au 1859 - 2007 2007 24 71 7.6E-03 101,437 1,941 

Cu 1844-2007 2026 68 27 72.2 64,228 2,717 

Ni 1967 - 2007 2039 129 16 3.1 17,597 746 

Ag 1884 - 2007 2009 24 64 9.9E-02 23,012 584 

Pb 1859 - 2007. 1994 35 63 32.3 36,458 685 

an 1897 - 2007 2012 30 52 57.0 31,237 930 

Fe 1907 - 2007 92031 62 21 22,041 2,148,610 95,484 

Coal 1913 - 2008 2047 140 15 - - - 

Oil 1964-2009 1996 20 68 - - - 

N.Gas 1961 - 2009 2029 79 18 - - - 

TOTAL 2,422,578 103,086 


The resources to production data, informs society of the estimated years left 
until depletion. The most depleted commodities are in ascending order: oil, silver, 
gold, zinc and lead, with R/P ratios of less than 35 years. They are followed by 
iron, copper, natural gas, nickel and finally coal, with R/P ratios of 62, 68, 79, 129 
and 140 years, respectively. Of course these figures are only approximative, since 
they depend strongly on production rates and reserves. The latter might increase as 
new discoveries are found, or as technology or price dictates — with the extraction 
of lower-grade deposits. 

Although the quantity extracted of all commodities in terms of mass cannot be 
combined (gold and silver are extracted at rates of tonnes per year, whereas other 
metals at kt/yr), the order of magnitude in terms of exergy costs (B*) is similar for 
all commodities and its sum provides valuable information. The exergy replacement 
cost obtained for all metals in Australia (Table 13.1) is equal to 2,423 Mtoe. The 
degradation velocity of the metals is on average, since the beginning of the 21st 
century, 103 Mtoe/yr. This means that if one were to replace the metals extracted 
throughout Australia’s entire mining history, with current available technology, one 
would require around 5 times the oil reserves of that country (510 Gtoe (BP, 2010)). 
Moreover, Australia is year on year, through metal extraction, degrading on average 
the equivalent exergy of 4 times its primary oil production. Of all metals, iron is 
responsible for 92% of the exergy cost consumption, due to the great quantity 
produced. 

Figures 13.23 to 13.25 show the natural exergy bonus (B*) associated with the 
total consumption for all metals considered, from 1844 to 2007. In the first period 
illustrated in Fig. 13.23, the extraction of gold, copper and silver contribute to most 
of the natural bonus lost, although lead acquires a relevant role from the end of the 
19th century. In the second period, 1907 to 1963 (Fig. 13.24), the extraction of iron 
represents a major natural bonus exhaustion, although the metals mentioned pre- 
viously, together with zinc also contribute significantly. From 1950 to the present, 
iron clearly dominates the non-fuel mineral bonus depletion in Australia. 
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It is worth reiterating that any exergy cost calculation for fuel minerals is non- 
sensical as it is impossible to replace them with current technology. Furthermore, 
the value of a given fossil fuel relies on its inherent chemical exergy, which once 
burnt disappears along with its inherent usefulness. On the contrary, the chemical 
exergy of metals and other non-fuel minerals does not generally disappear upon dis- 
posal to landfill. Rather it is the concentrated state of minerals in deposits that is 
eventually lost. Hence, whilst the natural bonus lost in fossil fuels is related to their 
chemical exergy, that of non-fuel minerals is generally linked to the exergy costs 
required to replace the minerals from the depleted state of the crepuscular crust 
to the concentrated state once found in mines. Consequently, one can estimate 
the exergy destruction of the global mineral resources by comparing the chemical 
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Fig. 13.23 Natural exergy bonus exhaustion associated with the consumption of the main non-fuel 
minerals in Australia from 1884 to 1906 
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Fig. 13.24 Natural exergy bonus exhaustion associated with the consumption of the main non-fuel 
minerals in Australia in the period from 1907 to 1964 
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Fig. 13.25 Natural exergy bonus exhaustion associated with the consumption of the main non-fuel 
minerals in Australia from 1965 to 2004 


exergy destruction of fossil fuels to the natural exergy bonus destruction of non-fuel 
minerals. 

To do this, the authors have divided the information into the following com- 
modities: coal, oil, natural gas, iron and other non-fuel metals. Iron is categorised 
in this way because its exergy cost is significantly greater than the rest of the metals 
and is comparable to that of fuel minerals. Furthermore, two periods of time have 
been considered: 1914 to 1968 and 1969 to 2007 (before and after significant oil and 
natural gas production). 

As can be seen in Fig. 13.26, exergy consumption for the first period considered 
was clearly dominated by the extraction of coal and to a lesser extent to that of 
iron, especially towards the end. The global extraction trend increased very rapidly, 
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Fig. 13.26 Natural bonus depletion of the main fuel and non-fuel minerals in Australia from 1914 
to 1968 
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following an exponential-like behaviour. Exergy degradation velocity subsequently 
increased from around 10 Mtoe/yr at the beginning of the timeframe, until almost 
reaching 60 Mtoe/yr in 1968. 

The appearance of significant reserves of oil and natural gas (cleaner and easier to 
handle fuels than coal), led to an important drop in coal production in the beginning 
of the second period (see Fig. 13.27). Nevertheless, the abundance of national coal 
stocks, together with the foreseeable depletion of oil, has since provoked further coal 
extraction. Meanwhile, iron has gained prominence especially since the beginning 
of the 20th century, exceeding the production of oil and natural gas in exergy terms 
and reaching extraction figures comparable to those of coal (see Fig. 13.28). 
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Fig. 13.27 Natural bonus depletion of the main fuel and non-fuel minerals in Australia from 1969 
to 2008 
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Fig. 13.28 Relative contribution of the extraction of fuel and non-fuel minerals to the global 
natural bonus degradation of Australia from 1914 to 2008 
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Finally, it is remarkable that the global behaviour has continued to be 
exponential-like, despite the shifts in extraction trends among different commodi- 
ties. In 2007, the degradation velocity of the natural bonus exceeded 500 Mtoe/yr 
(around 18% of the world’s current oil consumption). And presumably, it will 
continue to increase exponentially at least for another 20 to 40 years, until peak 
production is reached. 


13.3.11 The exergy countdown 


In Fig. 13.29 and Fig. 13.30, the authors have represented Hubbert’s bell-shaped 
curves for all mineral commodities considered in terms of their exergy replacement 
costs. This type of representation, named “Exergy countdown”, shows in a very 
schematic way the amount of exergy resources available and the possible exhaustion 
behaviour in a future scenario. It should be noted that representing B vs t or B* vs 
t generates similar results for the peaking year, as unit replacement costs have been 
considered constant throughout the analysed time. The use of exergy replacement 
costs allows a comparison between the exergy content of fuels and non-fuel minerals. 
However, as stated previously, a better fit should take into account any relevant 
technological developments, thereby using the appropriate unit exergy costs as a 
function of time. 

In Fig. 13.29, the bell-shaped curves of all fuels and the metals iron and copper 
are represented. As can be seen, in exergy terms, coal is the most abundant resource, 
followed by iron and natural gas. Fig. 13.29 also shows the significantly lower 
amount of oil and copper reserves with respect to other commodities. 

In order to better visualise the case of copper, Fig. 13.30 is representative of the 
exergy countdown of the remaining minerals: copper, zinc, lead, nickel, gold and 
silver. Compared to copper and obviously iron, the exergy reserves of the others 
are significantly lower. It is also interesting to notice that although copper is the 
most abundant commodity in terms of exergy cost, its greater extraction rate will 
provoke a faster depletion than that of nickel, for example. 

A given country’s exergy countdown diagram facilitates a future mineral pro- 
duction and a degree of depletion forecast. In this way, one can say for instance, 
according to the results published, that about 64% of the total considered mineral 
reserves in Australia could be depleted by 2050, should they not increase and should 
production follow the Hubbert bell-shaped curve. Gold would be particularly de- 
pleted at 99.6%, as would oil at 99.9%, zinc at 91% and lead at 89% followed by 
copper at 83%, natural gas at 80%, iron at 75%, nickel at 64% and coal at 54%. 
Again whilst such figures are only estimative and serve to predict behaviour pat- 
terns only as long as “business as usual” reigns, (which would not necessarily be the 
case) they are accurate enough, in terms of order of magnitude, to depict the rate 
of depletion of Australian reserves due to mineral extraction. 
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Fig. 13.29 Exergy countdown of the principally consumed minerals in Australia 
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It must be stated however that the minerals listed are not the only ones extracted 
in Australia. Other non-fuel minerals including uranium, alumina, manganese, tin, 
diamonds and industrial sands are also produced. Furthermore limited information 
is the major barrier preventing their complete analysis. 


13.4 Conversion of exergy costs into monetary costs 


The conversion of exergy costs into monetary costs is a rather simple task using 
conventional energy prices. It must be stated though, that this activity should not 
be necessarily the final objective, as the physical information is valuable in and of its 
own right. The monetary value of fuel minerals, can be thus directly calculated by 
their corresponding prices in the year under consideration. The example provided 
in this section is the principal mineral reserve depletion suffered at the hands of 
Australian extraction in 2007. For non-fuel minerals, two boundary conditions are 
considered. The lower bound is calculated assuming that the exergy replacement 
costs, i.e. the energy required to restore the mineral capital extracted with current 
technology, is in the form of coal. The upper bound considers that this same activity 
is carried out with electricity at a price of 55 A$/MWh!?°. 

According to ABARE (2010), the average price of thermal coal in 2007 was 
70.7 A$/t or 134.4 A$/toe, if one considers the specific exergy of coal. The same 
report includes the following oil price: 518.4 A$/toe. BP (2010) reports meanwhile 
a natural gas price’! of 231.1 A$U/toe. 

Table 13.2 shows an estimation of the monetary costs associated with the de- 
pletion of the main Australian mineral reserves due to mineral extraction in 2007. 


Table 13.2. Monetary costs of the principal mineral reserves depletion suffered in 
Australia due to mineral production in 2007 


Mineral Exergy Mineral’s Monetary % GDP 
extracted, price, cost, Billion 
Mtoe US$/toe A$ 
Coal 251.9 134.4 33.8 2.9 
Oil 26.5 518.4 13.8 1.2 
N. Gas 37.5 231.1 8.7 0.7 
Non-fuels 133.8 134.4 - 639.65 18.0 - 85.6 1.5-7.2 
TOTAL 449.7 74.3 - 141.9  6.3-12 


According to the results obtained, Australia would have lost in 2007 between 
A$ 74.3 and 141.9 billion of its mineral capital, due to resource extraction. This 
corresponds to an equivalent of 6.3 and 12% of Australia’s 2007 GDP (A$ 1,182 


10Source: http://d-cyphatrade.com.au/products/overview_of_the_australian_el. Accessed Jan. 
2014. 
11The natural gas price corresponds to USA Henry Hub. 
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billion (ABARE, 2010)), depending on the energy source chosen for replacing the 
mineral capital (coal or electricity). This figure would have been even larger, if the 
other non-fuel minerals exported by Australia but not considered in this analysis, 
were taken into account, namely: aluminium, uranium, ilmenite, rutile and zircon. 

According to the Australian Mineral Statistics (ABARE, 2010), the resource 
sector contributed to approximately A$ 116.2 billion in 2007 (9.8% of the GDP). 
The latter figure includes exports of mineral and energy resources. However the mi- 
neral capital lost, i.e. the replacement costs of non-fuel minerals, is not considered 
in these accounts. Indeed trading minerals at the market price is as if one would 
“sell” an ancient cathedral at the price of its constituent bricks. In the authors’ 
opinion, a fairer accounting system should consider the avoided and “hidden” cost 
that Man does not need to pay for having those “mineral monuments” available. 
Extracting concentrated mineral resources today implies a greater energy consump- 
tion and cost in the future. This is why it is so important to recognise and assign 
fairer prices to non-renewable resources, so as to help conserve the Earth’s natural 
endowment for the benefit of future generations. This idea is in line with the so 
called Environmental Defense Expenditures (EDE) (Sec. 2.5.3), i.e. replacement 
investments that compensate the depreciation of Nature’s machinery in manmade 
capital. 

It should be stated that the numbers obtained depend strongly on commodity 
prices and the choice of the energy source used in the monetary calculation of the 
replacement of non-fuel minerals. The same amount of physical capital lost, cal- 
culated with 2008 energy prices, would be equivalent to between A$ 114 and 144 
billion respectively (9.7 and 12% compared to the 2007 Australian GDP!”). More- 
over, should the exergy replacement costs of minerals be internalised, commodity 
prices would surely increase significantly, much more than the values here obtained. 
This fact is a clear indication that assessing mineral wealth loss in monetary terms 
is not very suitable, as the volatility and arbitrariness of prices distorts their real 
physical value. Furthermore, the latter is absolute and understandable, without 
exception, worldwide. 

That said, monetary values do provide an order of magnitude as to the impor- 
tance of a given mineral’s extraction. The considerable amount of money calculated, 
as calculated in the example above, is what Australia should have virtually paid the 
Earth in 2008 for the amount of minerals it extracted in the previous year. It should 
also be stated that less developed countries, whose economy is fundamentally based 
on the extraction of their mineral capital could even obtain values which are in the 
order of their GDPs. 

What remains clear is that the global economy treats the planet as if it were 
a reservoir of free goods. Yet as the Earth becomes steadily more depleted, Man 


12For the following energy prices in 2008, respectively: 242.4 A$/toe of coal; 372.2 A$/toe of oil; 
294.2 A$/toe of natural gas; and 40 A$/MWh. 
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slowly realises the importance of conserving its resources. And maybe in a not very 
distant future, humanity will have to take “Nature into account” by correcting the 
economic indices, as stated by van Dieren’s book of the same name (van Dieren, 
1995). 


13.5 The depletion of the exergy reservoir of the Earth’s principal 
minerals in the 20th century 


Exergy is an accounting tool that allows one to assess the single or aggregated 
commodities of a region, nation or even across the globe. In Sec. 13.3 the authors 
evaluated the exergy degradation of the mineral capital of Australia. The aim now 
is to extrapolate it for use across the entire planet. 

This ambitious task is not free of difficulties. The first and most important 
problem is the lack of current and historical data available for many commodities. A 
few geological institutions, such as the USGS or BGS, compile world production data 
of the most important minerals but provide few estimates regarding non-fuel mineral 
reserves. Furthermore, with little in the way of exception, no ore grade trends have 
been compiled. Australia is unusual in this respect, thanks to the initiative of G.M. 
Mudd in his papers Mudd (2004, 2007a), which provide historical information of 
the ore grades of the main metals produced. Further to these limitations, whilst 
unit exergy replacement costs are available for many important non-fuel mineral 
commodities, there are many more that remain inaccessible. In order to overcome 
such issues the authors are obliged to make assumptions at the expense of accuracy. 

Firstly, it is assumed that the ore grade of a given non-fuel mineral commodity 
remains constant and equal to the average ore grades estimated (Table 6.10). This in 
turn implies that specific concentration exergy will not change over time. Moreover, 
the application of the Hubbert Peak Model, in terms of exergy, ignores any change 
in concentration factor, which is quite significant for many non-fuel minerals. 

As with the previous case studies, unit exergy replacement costs are assumed to 
be constant. In reality however, such costs are a function of the state of technology 
and hence vary with time. Hence, the year of the peak obtained when applying 
the Hubbert Model will generate the same result regardless of the parameter used: 
tonnage, exergy, or exergy replacement costs. The only advantage of using exergy 
replacement costs over tonnage is that the curves can be compared and aggregated. 
The exergy countdown diagram can also be obtained, as will be seen later in this 
chapter. 


13.5.1 Non-fuel minerals 


With the help of historical data on world production compiled by USGS (2010) 
and introducing the aforementioned assumptions, the authors have estimated the 
following variables: 
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e The natural exergy bonus lost on Earth since the beginning of the 20th century 


AB*. 


e The velocity of the Earth’s exergy degradation due to mineral extraction (AB*) 
throughout the 20th century and the beginning of the 21st, and for comparative 


purposes between 1996 and 2008. 


e The depletion degree of the reserves (% R. loss), calculated as AB*/(Roo10 + 


AB*) 


e The years until depletion of the commodities (R/P). 


e The theoretical year where the peak of production is reached. 


Table 13.3 shows a summary of the results obtained for the 54 mineral com- 


modities!*. 


Table 13.3: The worldwide depletion of the exergy reservoir of the main mineral 


commodities 
Substance Mineral AP, AB*, AB*, AB*, % R_ R/P, 
reported ore tonnes ktoe ktoe/yr  ktoe/yr loss yrs 
by USGS (1900- (1900- (1900- (1996- 
2008) 2008) 2008) 2008) 
Aluminium  Gibbsite 4.93E+09 2.63E+07 2.41E+05 8.20E+05 15.4 132 
(Bauxite) 
Antimony Stibnite 6.00E+06 6.98E+04 6.41E+02 1.61E+03 74.1 11 
Arsenic Arsenopyrite 3.67E+06 1.66E+04 1.52E+02 2.16E+02 75.0 23 
Barium Barite 3.13E+08 N.A. N.A. N.A. 64.8 21 
Beryllium Beryl 1.61E+04 5.19E+01 4.80E-01 6.05E-01 N.A. N.A. 
Bismuth Bismuthinite 2.40E+05 3.44E+01 3.16E-01 7.30E-01 42.9 42 
Boron Kernite 1.18E+08 N.A. N.A. N.A. 41.0 39 
Cadmium Greenockite 1.03E+06 1.49E+05 1.36E+03 2.82E+03 63.5 30 
Cesium Pollucite 8.53E+02 N.A. N.A. N.A. 1.2 N.A. 
Chromium Chromite 1.76E+08 4.06E+04 3.72E+02 1.16E+03 42.4 34 
Cobalt Linnaeite 1.88E+06 4.87E+05 4.47E+03 1.32E+04 22.1 87 
Copper Chalcopyrite 5.26E+08 1.43E+06 1.31E+04 3.70E+04 49.4 35 
Feldspar Orthoclase 3.23E+08 N.A. N.A. N.A. N.A. N.A. 
Fluorspar Fluorite 2.40E+08 1.08E+06 9.86E+03 2.19E+04 51.0 38 
Gallium Ga in baux- 1.00E+06 N.A. N.A. N.A. N.A. N.A. 
ite 
Germanium Ge in sulfide 3.74E+03 N.A. N.A. N.A. N.A. N.A. 
ores 
Gold Native gold 1.33E+05 1.91E+06 1.75E+04 3.52E+04 73.9 21 
Graphite Graphite 4.08E+07 N.A. N.A. N.A. 36.5 63 
Gypsum Gypsum 4.78E+09 1.81E+06 1.66E+04 4.77E+04 N.A. N.A. 
Continued on next page... 


13Uranium has been included in the non-fuel mineral classification, using the statistics published 
by the World Nuclear Association (WNA, 2012) (see Table D.12). Uranium assured reserves were 
estimated by the WNA at 5.5 Mtons in 2010. The average ore grade of U3Og assumed constitutes 
0.33% or 0.28% of U (Table 6.9). The nuclear exergy of uranium, which is huge compared to its 
chemical one (see Chap. 6), has not been taken into account. 
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Table 13.3: The worldwide depletion of the exergy reservoir of the main mineral 
commodities. — continued from previous page. 


Substance Mineral AP, AB*, AB*, AB*, % R_ R/P, 
reported ore tonnes ktoe ktoe/yr  ktoe/yr loss yrs 
by USGS (1900- (1900- (1900- (1996- 
2008) 2008) 2008) 2008) 
Hafnium Af in Zn 2.03E+07 N.A. N.A. N.A. 3.4 2153 
ores 
Helium He in 7.85E+05 N.A. N.A. N.A. N.A. N.A. 
natural gas 
Indium IninZn, Pb 6.94E+03 N.A. N.A. N.A. 38.7 19 
and Cu 
sulfides 
Iodine I in brines 6.55E+05 N.A. N.A. N.A. 4.2 566 
Iron ore Hematite 5.71E+10 2.49E+07 2.28E+05 5.90E+05 26.3 72 
Lead Galena 2.17E+08 1.95E+05 1.79E+03 2.92E+03 73.3 21 
Limestone Calcite 6.17E+09 3.96E+05 3.64E+03 1.26E+04 N.A. N.A. 
Lithium Li in brines 7.62E+06 1.02E+05 9.36E+02 3.55E+03 43.5 N.A. 
Magnesite 3.80E+08 N.A. N.A. N.A. N.A. N.A. 
Magnesium 
Manganese _ Pyrolusite 5.23E+08 2.01E+05 1.84E+03 3.53E+03 49.2 41 
Mercury Cinnabar 5.47E+05 3.80E+05 3.49E+03 1.12E+03 89.1 51 
Molybdenum Molybdenite 5.62E+06 1.25E+05 1.15E+03 3.45E+03 39.3 40 
Nickel - Garnierite 2.87E+07 1.18E+05 1.08E+03 3.32E+03 40.2 45 
laterites 
Nickel - Pentlandite 1.91E+07 3.57E+05 3.27E+03 1.00E+04 40.2 45 
sulphides 
Niobium Columbite 8.08E+05 N.A. N.A. N.A. 21.8 46 
Phosphate  Fluorapatite 6.70E+09 5.80E+04 5.32E+02 1.23E+03 29.5 99 
rock 
PGM Cooperite 1.29E+04 N.A. N.A. N.A. 15.3 153 
Potash Sylvite 1.29E+09 3.92E+07 3.60E+05 8.85E+05 13.2 244 
REE Bastnaesite 2.47E+06 2.25E+04 2.06E+02 9.16E+02 2.4 739 
Rhenium Re in 9.17E+02 2.32E+03 2.13E+01 9.89E+01 26.8 44 
molybdenite 
Selenium Se in Cu 7.94E+04 N.A. N.A. N.A. 47.4 58 
ores 
Silicon Quartz 1.32E+08 2.37E+03 2.17E+01 7.53E+01 N.A. N.A. 
Silver Argentite 1.03E+06 1.87E+05 1.71E+03 3.40E+03 72.1 19 
Strontium Celestine 9.70E+06 N.A. N.A. N.A. 58.8 14 
Tantalum Tantalite 2.33E+04 2.76E+05 2.53E+03 1.21E+04 17.5 94 
Tellurium Te in Cu 7.32E+03 N.A. N.A. N.A. 25.0 N.A. 
ores 
Thorite 1.24E+04 N.A. N.A. N.A. 0.1 N.A. 
Thorium 
Tin Cassiterite 1.91E+07 2.00E+05 1.84E+03 2.79E+03 77.3 19 
Titanium- Rutile 1.92E+07 4.16E+03 3.81E+01 9.50E+01 29.9 72 
rutile 
Titanium- Ilmenite 1.97E+08 2.18E+04 2.00E+02 6.01E+02 22.5 100 
ilmenite 
Uranium Uraninite 4.39E+04 5.34E+04 4.99F+02 1.01E+03 26.7 125 


Continued on next page... 
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Table 13.3: The worldwide depletion of the exergy reservoir of the main mineral 
commodities. — continued from previous page. 


Substance Mineral AP, AB*, AB*, AB*, % R_ R/P, 
reported ore tonnes ktoe ktoe/yr  ktoe/yr loss yrs 
by USGS (1900- (1900- (1900- (1996- 
2008) 2008) 2008) 2008) 

Vanadium V in other 1.39E+06 3.61E+04 3.31E+02 1.22E+03 9.7 232 

ores 
Wolfram Scheelite 2.75E+06 5.02E+05 4.61E+03 8.76E+03 49.6 50 
Zinc Sphalerite 4.07E+08 2.34E+05 2.27E+03 5.58E+03 65.8 17 
Zirconium Zircon 3.31E+07 2.65E+05 2.43E+03 7.76E+03 28.4 65 
Sum 8.48E+10 1.01E+08 9.28E+05 2.54E+06 35.8 142 


Fig. 13.31 shows the cumulative production of the minerals evaluated, clearly 
demonstrating the exponential increase suffered by most minerals in the analysed 
period. Of all commodities, iron, the building block of industrialisation, has been 
historically the most extracted metal, accounting for 67% of the total non-fuel 
mineral extraction since the beginning of the 20th century. Phosphate rock follows 
with its 8% relating to its extensive use in fertilisers for agricultural production. 
Limestone and gypsum, which are significant building materials account for 7% and 
6%, respectively. Aluminium (6%) is another metal that has played an important 
role in industrialisation, especially since the second half of the last century. 

Fig. 13.32 shows the contribution of the remaining commodities. These are 
potash, from which potassium is derived (the third major plant and crop nutrient 
after nitrogen and phosphorous) at 1.5% followed by copper (0.6%), a key metal 
in the electric and electronic industry; the alloying metals manganese (0.6%) and 
magnesium (0.45%) and zinc (0.48%), which is also an alloy and used in galvanising. 

The natural bonus lost (exergy replacement costs) associated with the extrac- 
tion of the main mineral commodities are represented in Fig. 13.33. Three of these 
minerals: potash (38%), aluminium (27%) and iron ore (25%) account for major 
degradation costs. This is because the exergy replacement costs include the irre- 
versibility factor of technology through the unit exergy replacement costs, k. As 
seen in Table 12.2, potash and aluminium have high k-values: 1,926 and 2,088, 
respectively, while the & value of iron ore is only 164. In general, very abundant 
minerals in the crust, with elevated crepuscular concentration values x, possess low 
unit exergy replacement costs. These values are also influenced by the state of 
technology. Indeed the more energy intensive a regular process of beneficiation, the 
greater it is. Hence, in addition to tonnage, the exergy replacement costs take into 
account the scarcity factor as well as the state of technology. So for instance, in the 
case of potash, there are three factors which contribute to its ranking as one of the 
most extracted: its greater concentration exergy, compared to that of aluminium 
or iron (30.7 vs 16.6 and 17.7 kJ/mol, respectively); its high unit exergy cost value; 
and the not insignificant quantities of mineral mined throughout the last century. 
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Fig. 13.31 Production of the main non-fuel mineral commodities on Earth in the 20th century 
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Fig. 13.32 Production of the main non-fuel mineral commodities on Earth in the 20th century, 


excluding aluminium, iron, gypsum, phosphate rock and limestone 


The total natural bonus lost associated with the dispersion of the non-fuel mi- 
nerals analysed is near 100 Gtoe. This means that to replace all dispersed non-fuel 
mineral commodities with current technology, one would require about a third of 


all available fuel oil reserves on Earth (346 Gtoe Table 11.20). 


Excluding potash, iron and aluminium, which eclipse the rest of the commodi- 
ties, one can observe in Fig. 13.34 that in decreasing order, the production of gold, 
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Fig. 13.33 Natural bonus loss associated with the extraction of the main non-fuel mineral com- 
modities on Earth throughout the 20th century 


gypsum, copper, fluorspar, cobalt and wolfram significantly contribute to the degra- 
dation of the planet’s non-fuel mineral wealth. The average exergy cost degradation 
velocity AB* of the 20th century is around 0.9 Gtoe /yr and substantially increases 
in the last decade to 2.5 Gtoe/yr. 

According to the depletion ratios (% R loss) in Table 13.3, mankind has ex- 
hausted in just only a century around 43% of the world’s non-fuel mineral reserves, 
with the estimated years until depletion of the total reserves around 142 years, as 
highlighted in Sec. 11.3.2. 

According to Fig. 13.35, the most depleted commodities are, in decreasing order: 
mercury, with 89% of the reserves extracted, tin (77%), arsenic (75%), antimony 
(74%), gold (74%), lead (73%) and silver (72%). On the other hand, the minerals 
of cesium, thorium, REE, iodine, vanadium, potash, PG'M, tantalum, aluminium 
and cobalt are the least depleted commodities, having less than 20% extracted 
from their respective world resources. A mineral’s depletion degree depends on 
two factors: firstly the abundance of the considered mineral reserve and secondly 
their production rates. Usually, the least depleted minerals coincide with those 
substances, for which no important usefulness has been found until recently. It can 
also be connected to notable physical abundance as is the case for iodine, aluminium 
or potash. This situation can of course change dramatically with the development 
of emerging technologies such as those identified in Sec. 1.4. The development 
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Fig. 13.34 Natural bonus loss associated with the extraction of the main non-fuel mineral com- 
modities on Earth throughout the 20th century, excluding iron ore, potash and aluminium 


of renewable energy or telecommunication technologies, for instance, has radically 
increased the use of REE, PGM, cobalt and tantalum. 

It should be stressed that all the above percentages are estimations, based on 
the assumption that no further deposits are to be found and that production is 
to remain constant. Such figures thus constitute a static vision of the state of 
mineral resources. It is a well-known fact that reserves tend to increase when 
demand increases and prices rise. This incentivises exploration efforts and certain 
deposits which were classified as uneconomic, start to become profitable again. 
Furthermore, technological improvements may also decrease extraction costs leading 
to a re-classification of reserves. In fact, in the short period elapsed in the writing 
of this book, reserve figures reported by the USGS have changed (more often than 
not they have increased) year on year and have even suffered a series of revisions 
within the same year. 

Combining world resources with the variation of production over time would 
therefore provide a more realistic picture. This is accomplished now through the 
application of Hubbert Peak models to the analysed minerals where data is available. 
However, world resources figures are rather speculative, since they are very difficult 
to assess. With both figures one does however obtain a range of the probable peaks; 
the lower limit corresponds to data based on available reserves, whilst the upper 
relates to world resources. Since unit exergy replacement costs are assumed to be 
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Fig. 13.35 Depletion degree in % of the main non-fuel mineral commodity reserves 


constant over time, plotting production versus time in tonnage, in terms of exergy 
or in exergy replacement cost will not affect the final result. In this case, the exergy 
replacement costs (B*) versus time have been plotted, since the production patterns 
obtained will be represented in “exergy countdown” diagrams. 

Table 13.4 shows the theoretical peak considering available reserves and world 
resources as published by the USGS in 2010. For those minerals where no world 
resource data was available, information on reserve base!* was used instead, as is 
the case for gold, silver, tantalum and antimony. The regression factors of each fit 
are shown (R?) in addition to the observed empirical peak, should it have already 
occurred. 


Table 13.4: The peak in production of some of the world’s most important 
mineral commodities. 


Theoretical Data Empirical Data 
Reserves Peak R? W.R. Peak R2 Observed Peak 
Aluminium 2050 0.98 2088 0.98 - 
Antimony 1998 0.56 2006 (R.B.) 0.64 - 
Arsenic 1971 0.29 2056 0.31 2006 
Beryllium 2082 0.40 1981 
Bismuth 2015 0.87 2042 0.86 - 
Cadmium 1996 0.98 2076 0.90 2000 


Continued on next page... 


14The USGS has stopped providing information for the reserves base and hence 2006 data has 
been included in the table. 
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Table 13.4: The peak in production of some of the world’s important mineral 
commodities. — continued from previous page. 


Theoretical Data Empirical Data 
Reserves Peak R2 W.R. Peak R2 Observed Peak 
Chromium 2015 0.96 2149 0.97 - 
Cobalt 2042 0.87 2073 0.88 - 
Copper 2012 0.95 2068 0.98 - 
Gold 1994 0.65 2001 (R.B.) 0.74 2001 
Tron 2040 0.91 2115 0.92 - 
Lead 1989 0.82 2110 0.82 - 
Lithium 2015 0.86 2033 0.89 - 
Manganese 2007 0.87 2119 0.81 - 
Mercury 1960 0.56 1965 0.18 1971 
Molybdenum 2018 0.95 2040 0.95 - 
Nickel laterites 2017 0.98 2033 0.98 - 
Nickel sulphides 2017 0.98 2033 0.98 - 
Phosphate rock 2031 0.92 2080 0.89 - 
Potash 2072 0.91 2272 0.88 - 
REE 2092 0.98 2104 (R.B.) 0.98 - 
Rhenium 2022 0.95 2054 0.94 - 
Silver 1995 0.44 1999(R.B.) 0.52 - 
Tantalum 2034 0.85 2046 (R.B.) 0.85 - 
Ti-ilmenite 2040 0.96 2082 0.96 - 
Ti-rutile 2028 0.89 2069 0.86 - 
Tin 1979 0.53 1986 (R.B.) 0.63 - 
Uranium 2033 0.72 2061 0.70 - 
Vanadium 2067 0.83 2129 0.83 - 
Wolfram 2007 0.89 2036 0.87 2004 
Zinc 1999 0.92 2062 0.98 - 
Zirconium 2003 0.89 2006 0.89 - 


As explained in Sec. 13.2, the Hubbert Peak is a theoretical model that can be 
used to predict future supply/demand dynamics, subject to certain limitations. In 
Table 13.4, it is clear that for certain minerals, the bell-shaped curves do not fit the 
empirical data well. Mercury, arsenic, beryllium, silver, tin, antimony uranium and 
gold all show regression values below 0.80. The Hubbert Peak Model as applied in 
this book (with the constraint that the integral of the curve is equal to resources) 
applies well when the main criterion of future supply/demand dynamics is geological 
availability. In general, regression factors increase with the peaking year, as empir- 
ical points fall to the foot of the curves. Equally, and as observed in the Australian 
case study, the empirical peak associated with reserves regularly appears after the 
theoretical one. This might relate to the over-exploitation of minerals for a short 
period, followed by its sharper decrease in those years following the peak. It may 
also be due to the perceived certainty of mining companies that their reserves could 
easily increase despite having reached what the authors would term the “theoretical 
peak”. 

Yet even with the aforementioned limitations, the Hubbert Peak Model does 
however identify that the theoretical peak could have been reached, in terms of 
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reserves (lower bound), for the following mineral commodities: mercury (1960), ar- 
senic (1971), tin (1979), lead (1989), gold (1994), silver (1995), cadmium (1996), 
antimony (1998), zinc (1999), zirconium (2003), manganese (2007), wolfram (2007) 
and copper (2012). Considering world resources (upper bound), the peak might 
have been reached for mercury (1965), tin (1986), silver (1999), gold (2001), anti- 
mony (2006) and zirconium (2006). From the latter minerals, silver, antimony and 
zirconium haven’t really reached a real production peak. Indeed, it should be stated 
that for silver and antimony, no world resources data are currently available and 
that their theoretical peaks have been obtained through reserve base data (of 2006). 
Furthermore, silver and zirconium are extracted as byproducts from other major 
ones and antimony has associated with it environmental and supply concentration 
problems, hence why Hubbert theory may not apply. Figs. 13.36 through 13.45 
show a selection of the curves studied. 
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Fig. 13.36 The Hubbert Peak applied to the gold reserve base (a) and mercury reserves (b). Data 
obtained from USGS (2010) 
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Fig. 13.37 The Hubbert Peak applied to silver (a) and antimony (b) reserve base. Data obtained 
from USGS (2010) 
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Fig. 13.38 The Hubbert Peak applied to aluminium (a) and iron (b) world resources. Data 
obtained from USGS (2010) 
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Fig. 13.39 The Hubbert Peak applied to copper reserves (a) and world resources (b). Data 
obtained from USGS (2010) 


13.5.2 Fuel minerals 


A comprehensive analysis of the global fuel mineral throughout time requires his- 
torical production data of coal, oil and natural gas. Such statistics had to be 
reconstructed from different information sources, the most important ones being 
those from the BGS and its preceding organisations’. 

The exergy of these three types of fuel minerals was obtained in the same way 
as that of the Australian case study, using an “average” composition of coal, oil and 
natural gas, with their properties calculated by Valero and Arauzo (1991). The 
exergy of “average” coal, oil and natural gas on Earth is assumed to be 22,692, 
45,664 kJ/ke and 39,394 kJ/Nm?° respectively. 

Table 13.5 summarises the results obtained for world fuels throughout the 20th 


century. 


15J).13, D.14 and D.15 listed in the Appendix show world production data of coal, oil and natural 
gas between 1900 and 2009. 
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Fig. 13.40 The Hubbert Peak applied to phosphate rock reserves (a) and world resources (b). 
Data obtained from USGS (2010) 
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Fig. 13.41 The Hubbert Peak applied to lead reserves (a) and world resources (b). Data obtained 
from USGS (2010) 


Although the most extracted fossil fuel in the world is coal, as revealed by the 
historical statistics included in Table D.13, Table D.14 and Table D.15, in exergy 
terms, the most consumed has been oil. Indeed the latter has accounted for 42% 
of the total fuel exergy degradation in the 20th century, while coal and natural gas 


Table 13.5 The exergy loss of coal, oil and natural gas in the 20th century 


1900-2009 1996- 
2009 

Mineral) AB, AD, AD, % R R/P, Peak Peak 

Mtoe Mtoe/yr Mtoe/yr | loss yrs (proven (add. 

reserves) resources) 

Coal 1.56E+05 1.43E+03 2.92E+03 | 23.2 138 2059 2159 
Oil 1.74E+05 1.58E+03 4.01E+03 | 45.9 49 2012 2027 
Natural | 8.40E+04 1.81E+03 2.44E+03 32.4 63 2024 2069 
gas 
SUM 4.14E+05 4.82E+03 | 9.38E+03] 31.5 118 2031 2089 
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Fig. 13.42 The Hubbert Peak applied to nickel sulphides (a) and potash (b) reserves. Data 
obtained from USGS (2010) 
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Fig. 13.43 The Hubbert Peak applied to tin (a) and ilmenite world resources (b) . Data obtained 
from USGS (2010) 


38 and 20%, respectively. The exergy replacement costs between 1900 and 2009 
(AB*), i.e. the exergy of all depleted fossil fuels, was 414 Gtoe, which corresponds 
to 46% of the world’s total proven conventional fuel reserves in 2009 (898 Gtoe). 

Fossil fuel exergy was consumed at an average degradation velocity (AB*) of 4.8 
Gtoe/yr. In the last decade, this velocity increased to more than 9 Gtoe/yr. From 
the latter figure, it can be seen that oil contributes to 4.0, coal 2.9, and natural gas 
2.4 Gtoe/yr. 

If one adds the exergy loss of fossil fuels, to the exergy replacement costs of non- 
fuel minerals, one discovers that Man has depleted, in the 20th century alone, a total 
of 515 Gtoe, consumed at an average velocity of around 5.8 Gtoe/yr (by 2008 this 
figure had increased to approximately 14 Gtoe). For the most part (80%) exergy 
degradation is a consequence of the combustion of fossil fuels. The remainder is as 
follows: potash for 7.6%, aluminium for 5.1%, iron ore for 4.8% and other minerals 
for 2% (see Fig. 13.46). 
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Fig. 13.44 The Hubbert Peak applied to zinc reserves (a) and world resources (b). Data obtained 


from USGS (2010) 
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Fig. 13.45 
obtained from USGS (2010) 
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Without exception, the production of conventional fuels has followed an ex- 


ponential like behaviour, which enables a satisfactory application of the Hubbert 
bell-shaped curve. Coal is the least depleted commodity (23%), because of its large 
reserves worldwide. Assuming that no further coal reserves are found and that pro- 
duction rate remains as in 2009, the R/P ratio indicates that there will be enough 
The Hubbert Peak Model applied to the 
exergy consumption of coal (Fig. 13.47), reveals that the theoretical peak could be 


resources for an additional 138 years. 


reached in 2059 assuming that no new deposits are found!®. Yet new deposits are 
being found, even if the rate of discovery is slowing down. In fact, WEC (2010) 
estimates that additional resources in place amount to around 1,965 Gt vs. the 
reported 861 Gt of proven coal reserves, as highlighted in Chap. 6. 


16 An additional study by the Energy Watch Group (EWG, 2007), reports that global coal pro- 
duction could peak in 2025. 
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Fig. 13.46 Natural bonus loss associated with the extraction of the world’s fuel and non-fuel 
minerals throughout the 20th century 


When one incorporates additional resources, the theoretical peak shifts forwards 
around 100 years (Fig. 13.47). 
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Fig. 13.47 The Hubbert peak applied to world coal production. Data based on proven reserves 
(a) and additional resources amount in place (b). Data obtained from WEC (2010) 


Natural gas reserves are significantly more depleted than those of coal. In the 
period between 1900 and 2009, its consumption provoked the depletion of 32.4% of 
its exergy reserves. Its 2009 R/P ratio reveals that there could be enough natural 
gas for 63 years, should production and reserves remain unchanged - its theoretical 
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peak could be reached in 2023, as shown in Fig. 13.48. Bentley (2002) also estimates 
that the global peak in conventional gas production is already in sight, in perhaps 
as little as 20 years!”. Hence, Bentley’s estimation fits very well with the authors’ 
calculations. If one then considers the optimistic estimate for ultimately recoverable 
reserves of an additional 500 Gtoe as reported by Gregory and Rogner (1998), the 
Hubbert Peak would be pushed forward to 2069 (see Fig. 13.48). 
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Fig. 13.48 The Hubbert Peak applied to world natural gas production. Data based on proven 
reserves (a) and additional recoverable reserves (Gregory and Rogner, 1998) (b). Data obtained 
from BP (2011) 


Beyond doubt, oil is the most depleted fuel, with nearly half of its reserves 
extracted (45.9%). Oil’s R/P ratio indicates that there could be enough oil for only 
another 49 years, before absolute depletion occurs. The Hubbert bell-shaped curve 
(Fig. 13.49) indicates that peak oil was already reached in 2012. If as stated by 
Masters et al. (1994), additional recoverable resources of 141 Gtoe are considered 
in the analysis, even then, the peak would only shift forwards as far as 2027, only 
15 years! That said, the 2012 value fits very well with the predictions of other 
authors, such as Hatfield (1997); Kerr (1998) or Campbell and Laherrére (1998), 
who estimated that the peak would occur between 2004 and 2008. In fact, Campbell 
and Laherrere’s prediction in 1998 that the world could see radical increases in oil 
prices some ten years later also proved correct. For exactly 10 years later, the 
price of a barrel of crude oil increased by a 100% in just 12 months, surpassing in 
January 2008, the psychological barrier of a $US 100 and reaching a record high of 
$US 147.27 in July of the same year. Nonetheless, the 2008 global financial crisis 
drastically reduced oil demand, provoking a sharp drop in oil prices, which reverted 
back to the price levels of 2004 (See Figs. 13.50 and 13.51). Even so, as shown by 
Fig. 13.51, oil prices spiral upwards, as confidence in world markets re-grows. 


17Referred to the publication date. 
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13.49 The Hubbert Peak applied to world oil production. Data based on proven reserves (a) 
additional recoverable resources (Masters et al., 1994) (b). Data obtained from BP (2011) 
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Fig. 13.50 The monthly average price of an oil barrel in 2008 (OPEC, 2012) 


The depletion of one fossil fuel may lead to a greater consumption of the others 


and as peak oil has already occurred, this will probably lead in the short to medium 
term, to a more extensive use of natural gas and coal. Therefore, all three are 
analysed collectively as if they were a single entity, assuming mutual replacement. 


So, 


should no additional conventional fuel resources be found and production rate 


remain as in 2009, the R/P ratio indicates that in 118 years, all conventional fossil 
fuels could be completely depleted. Furthermore, as revealed by Fig. 13.52, the 
theoretical peak of all conventional fossil fuels could be reached in 2031. Considering 


additional recoverable resources, this peak shifts to 2089, meaning it is delayed 


by only 60 years. This suggests that even if important discoveries are made, the 
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Fig. 13.51 Yearly average price of an oil barrel (OPEC, 2012) 


problem of fossil fuel scarcity will not disappear and therefore consequently, its price 
will probably rise sharply. Hence, other energy alternatives should be developed so 
as to offset the inevitable increase in world energy demand. 

Fig. 13.53 to Fig. 13.57 effectively summarise the results obtained in the pre- 
vious sections of this chapter, showing the exergy countdown of some of the main 
minerals extracted on Earth, (both of fuel and non-fuel in nature). As aforemen- 
tioned, this kind of diagram can only be produced when the numeraire is exergy 
replacement costs, otherwise, commodities are not directly comparable. Recall that 
for fuels, chemical exergy and not exergy replacement costs are used as a numeraire, 
since once burnt, they cannot be replaced, as opposed to other types of minerals. 
Fig. 13.53 shows the obtained peaks assuming that only proven reserves are availa- 
ble, while Fig. 13.54 presents the peaks based on world resources. 

Through these figures, one can see at a glance the quantity of available resources 
and the theoretical peak of each commodity. Fossil fuels, potash, aluminium and 
iron eclipse the rest due to their size (either because of greater reserves/resources 
and/or greater exergy/exergy replacement costs). In Fig. 13.55 to Fig. 13.57, the 
remaining commodities can be visualised. 

Taking the upper limit which corresponds to world resources, the theoretical 
peak in the majority of cases will be reached before the end of the this century 
with the exception of lead, iron, manganese, vanadium, chromium, coal and potash, 
whose peaks are expected to be reached throughout the 22nd century (potash in the 
23rd). The theoretical peaks of mercury, tin, silver, gold, antimony and zirconium 
have been already reached, while those of oil, lithium, nickel, wolfram, molybdenum, 
bismuth and tantalum will potentially occur before 2050. 
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Fig. 13.52 The Hubbert Peak applied to world conventional fossil fuel production. Data based 
on proven reserves (a) and additional recoverable resources (b) 


Finally it is important to reiterate on the closure of this chapter that the numbers 
presented here should be taken as approximations, since the model has many limi- 
tations and there are many additional factors, alien to pure geological scarcity that 
can play an important role in reality. Nevertheless, the curves provide a didactic 
depiction of the business as usual scenario, which serves to support the decision- 
making process, including the writing of sustainable policies and practices within 
the Green Economy. 
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Fig. 13.53 The exergy countdown of some important minerals extracted on Earth. Data based on reserves 
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Fig. 13.54 The exergy countdown of some important minerals extracted on Earth (1). Data based on world resources 
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Fig. 13.55 The exergy countdown of some important minerals extracted on Earth (2). Data based on world resources 
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Fig. 13.56 The exergy countdown of some important minerals extracted on Earth (3). Data based on world resources 
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13.6 Summary of the chapter 


The authors have proposed the application of the Hubbert Peak Model to non-fuel 
minerals, plotting their exergy over time instead of mass over time. In doing this, 
the concentration factor, which is very important for the case of solid minerals is 
taken into account. 

The first case study aimed at assessing the exergy loss of a country due to mine- 
ral extraction. Australia was chosen for this analysis because it is one of the most 
important mineral exporting countries in the world. It is also unique in having regis- 
tered ore grade trends for its main minerals. The commodities analysed throughout 
their mining history up until 2007-2008 were gold, copper, nickel, silver, lead, zinc, 
iron, coal, oil and natural gas. It has been observed, that the general production of 
commodities has followed an exponential-like behaviour. Due to the extraction of 
metals, Australia has degraded the equivalent of 2.4 Gtoe (in exergy replacement 
cost terms). This corresponds to 5 times its oil reserves. Thus, Australia year on 
year is degrading on average, as a result of metal extraction, the equivalent of 4 
times its primary oil production. 

The Hubbert Peak Model was satisfactorily applied to all analysed commodities, 
with the exception of the lead-zinc-silver group, whose production patterns differ 
from the rest, as they are extracted together. With limitations, the authors predict 
that the theoretical peak has been already reached for zinc (2010), silver (2009), 
gold (2007), oil (1996) and lead (1994). Copper is expected to reach its peak in 
2026, natural gas in 2029, iron in 2030, nickel in 2039, and finally coal in 2048. 

The natural exergy bonus loss of Australian minerals and fossil fuels throughout 
the analysed period is dominated by the extraction of two commodities, coal and 
iron. In 2007, the exergy degradation velocity exceeded 500 Mtoe/yr (the equiva- 
lent of around 18% of current world oil consumption). Furthermore, it is likely to 
continue its exponential growth for at least another 20 to 40 years, whereby the 
peaks of iron and coal are reached. 

A very practical representation of the mineral reserves available and the possible 
extraction pattern of commodities not only for Australia can be found in the “Exergy 
countdown” graphs, which place the different Hubbert Peak Models (in terms of 
exergy replacement costs ) in a single diagram. This enables the reader to compare 
Australia’s past, present and possible future extraction rates, together with its 
available reserves of fuel and non-fuel minerals. Using the exergy countdown, the 
authors predict that about 64% of the principal mineral commodities produced in 
Australia could be depleted by 2050. Moreover, except for coal, iron and nickel, 
more than 85% of the mineral reserves should also reach exhaustion within that 
timeframe, if no significant additional resources be found and should production 
continue to increase exponentially. 

The authors estimated, in addition, the monetary cost of the reserve depletion 
in Australia due to mineral extraction in 2007. This was carried out via the conver- 
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sion of exergy replacement costs into monetary costs through conventional energy 
prices. According to the results obtained, Australia would have lost the equivalent 
of between A$74.3 and A$141.9 billion of its mineral wealth (considering fuels and 
non-fuel minerals). This corresponds to between 6.3 and 12% of the nation’s GDP 
registered in 2007. If, then, 2008 energy prices are considered, the same amount 
of physical stock extracted would correspond to between 9.7 and 12% of the 2007 
GDP. This difference serves to indicate that monetary costs might not be the most 
suitable indicator for an assessment of mineral wealth, given that price volatility and 
its arbitrariness distorts the real physical value. Nevertheless, this indicator does 
usefully provide an order of magnitude as to the important role mineral extraction 
has on the economy. 

In the second part of this chapter, an analysis of the exergy degradation of 
mineral reserves has been extended from a national level to a planetary one. Due 
to lack of information, this had to be undertaken with many assumptions at the 
expense of an important loss of accuracy. Yet, the authors have still been able to 
provide a crude estimate of loss in mineral wealth on Earth since the beginning 
of the 20th century, the degradation velocity, the degree of reserve depletion, the 
years remaining until the depletion of commodities and the year where the peak of 
production is expected for the principal minerals considered. 

According to the calculations presented, the natural exergy bonus loss associated 
with the extraction and further dispersion of the 54 non-fuel mineral commodities 
analysed is at least 100 Gtoe, consumed at an average exergy degradation velocity 
of 0.9 Gtoe/yr (based on activity in the last decade). This means if one were to 
replace all of the depleted non-fuel commodities using current technology, one would 
require more than half of all current world oil reserves (178 Gtoe). 

The exergy degradation of the non-fuel mineral reserves on Earth is clearly 
dominated by the extraction of iron, aluminium and to a lesser extent copper. Yet 
these three minerals are not the most depleted commodities. Instead they are the 
reserves of mercury, silver, gold, tin, arsenic, antimony and lead which suffer the 
greatest scarcity. On the other hand, the minerals of cesium, thorium, REE, iodine, 
vanadium, PGM, tantalum, aluminium, cobalt and niobium are the least depleted. 
That said, this situation may change, especially for minerals such as PGM, REE, 
Ta, Nb or Co with the boom of ICTs and renewable energy technologies. 

For the majority of the non-fuel minerals extracted on Earth, the authors have 
applied the Hubbert bell-shaped curve, assuming a minimum value, corresponding 
to the published reserves and a maximum one, corresponding to world resources. 
The model applied using reserves data reveals that the theoretical peaks have been 
reached for the following mineral commodities: mercury (1960), arsenic (1971), tin 
(1979), lead (1989), gold (1994), silver (1995), cadmium (1996), antimony (1998), 
zinc (1999), zirconium (2003), manganese and wolfram (2007) and copper (2012). 
Considering world resources, the theoretical peak might have been reached for mer- 
cury (1965), tin (1986) and gold (2001). 
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With respect to fossil fuels, in exergy terms, oil has been the most consumed, 
accounting for 42% of the total degradation in the 20th century (coal and natural 
gas accounted for 38% and 20%, respectively). The total exergy depletion of con- 
ventional fuels between 1900 and 2009 is estimated at 414 Gtoe, which is equivalent 
to 46% of the total world’s proven fuel reserves in 2009. It was consumed, in the 
last decade, at an average velocity of 9 Gtoe/yr. 

The Hubbert bell-shaped curves applied to the exergy production of fossil fuels 
reveal that the theoretical peak oil has already occurred (2012) and that those of 
coal and natural gas could appear in 2059 and 2024, respectively. 

It should be emphasised, that the results obtained are estimations and hence the 
numbers presented should be in no way taken as final. More reserves could be found 
in the future, thereby prolonging the years until commodity depletion and peak 
production. That said, the huge amount of energy and its equivalent in monetary 
terms associated with the depletion of planetary mineral deposits, should alert the 
reader as to the importance of resource conservation. This analysis demonstrates 
that mineral scarcity will most likely be an issue in the coming decades, although 
it is uncertain when and to what extent. The authors have reasons to believe that 
demand will keep increasing and mineral suppliers will struggle to expand global 
mineral output. 

Possible solutions which could support the conservation of the mineral wealth 
on Earth are discussed in the next, concluding part. 


This page intentionally left blank 


PART 4 


Tying the Rainbows: Towards a Rational 
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Chapter 14 


Recycling Solutions 


14.1 Introduction 


Having constructed a global vision as to the problem of mineral resource depletion 
throughout the previous chapters of the book, this last part proposes ways in which 
to stop or at least slow it down. 

One way to decelerate the primary production of minerals is through recycling. 
The objective of this particular chapter is thus to provide a general overview of the 
current state of recycling across the world and to analyse the end-of-life technologies 
involved in collection, sorting, separation and metallurgical processes from a ther- 
modynamic viewpoint. Special attention is paid to the study of minor metals and 
the thermodynamic problem of what the authors call “entropic backfire” associated 
with their recycling. 


14.2 Levels of criticality 


There are some elements, such as iron or aluminium which are so abundant in the 
crust that they will never reach exhaustion. Others are however scarce, some of 
which bestow special properties to the materials used in society. 

For those found in abundance, the responsibility of recycling is derived from the 
need to save energy (and money) whilst reducing the overall impact on the environ- 
ment. The necessity of recycling scarcer minerals which impart special properties, 
meanwhile, relates to the entropic level of each process. As these elements appear 
very diluted in the crust, the energy to extract and separate them is elevated. The 
motive for recycling such elements can be indicated by any one of three types of 
entropic criticalities: mine, chemical or absolute scarcity. 

The first relates to the scarcity of mines, not the element per se. A shortage 
of operational mines can go onto create short term political tensions as monopolies 
“manufacture” restrictions in an attempt to control market supply, even if into the 
long term there are sufficient quantities for Man’s development. In this case, recy- 
cling becomes an essential technology to combat dependence on a supply controlled 
by a limited number of players. 
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Chemical criticality or rarity, meanwhile, relates to whether a metal is found 
with others of similar chemical characteristics. The resulting cost of separation 
can be expensive because of the fine chemistry and enormous quantities of energy 
required. Recycling is then essentially undertaken to save energy and keep the metal 
isolated from ones of a similar nature, throughout its entire life cycle. 

The third category is that of absolute scarcity. Unsurprisingly, recycling here is 
the most critical of all as a failure to do so will result in the irreversible dispersion 
of a given element, leaving future generations to live practically without it. The 
global objective, rather than energy quantities that can be saved, thus relates to 
the need to conserve the element in the technosphere. 

For all three, the entropic phenomenon of separation explained in Sec. 9.3 plays a 
central role. To take an example, the element lithium may enter in the first scarcity 
definition. This is because whilst there is a lot of lithium in the ocean, its extraction 
is too costly. Scarcity pressures are then likely to be connected to the few land- 
based concentrations such as the local salars of Bolivia, Argentina and Chile, or the 
spodumene mines (those of lithium, aluminium and inosilicate). The rare earths, 
meanwhile are affected by two of the scarcity criteria, in that they are not actually 
geologically scarce but rather widely dispersed and always found together due to 
their extremely similar chemical properties, which make their separation techni- 
cally challenging and energy intensive. In such cases, supply depends primarily on 
the new opening of mines, something which currently occurs almost exclusively in 
China and secondly, on efficient chemical separation and refining technologies. The 
greatest criticality level is shown in the precious metals, for instance gold, which 
apart from being found in dilute concentrations is geologically scarce. 

Worth noting is the fact that although “entropic criticality” is comprehensively 
examined by the authors, it is by no means the only way to examine the concept 
of criticality. This is because it is also important to take into account the socioeco- 
nomic, technological and environmental aspects of mining and metallurgy. Environ- 
mental aspects could comprise, for example, ecological and water footprints. The 
former can be effectively limited to the number of hectares of land, energy, time and 
money required for the regeneration of the affected ecosystems affected. Equally 
the water footprint can be reduced to the kJ needed to desalinate and transport 
water from its natural location to where it is mass consumed. 

That said, if one simply reduces the footprints to a number it would only impov- 
erish the multidimensional message of mining’s impact on society. For this reason, 
the approach put forward by the authors centres on the thermodynamic aspects 
i.e. on energy and entropy. It is however not exclusive and could incorporate 
complementary forms of analysis. 


14.3. Materials recycling: A global view 


To really understand material recycling as a concept, a precise definition of what 
is meant by it should be provided. Firstly, according to the International Resource 
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Panel created by UNEP (Graedel et al., 201la), recycled content is defined as 
the fraction of scrap metal in the total metal input to metal production. The 
difference between total metal input and metal production equates to the losses 
experienced throughout the entire life cycle. These include residues in mining and 
metallurgy derived from tailings, slags, effluents and dust. Also involved are the non- 
recycled new scrap residues obtained in the fabrication and manufacturing process 
and old scrap recovered from discarded products upon having reached their end- 
of-life. Collected metals that suffered downcycling are present too, t.e. old metal 
scrap containing trace elements that inhibit functionality. Losses also include all 
environmental dissipations at any point of the life-cycle in the form of oxidation, 
corrosion, abrasion, coating deterioration, friction, cracking, mixing, etc. 

Recycled content as an indicator is absolute in that it measures the actual 
amount of metal that enters into the industrial lifecycle of an element. The lifecycle 
comprises of mining and metallurgical stages, product manufacture, use, end-of-life 
and scrap recycling. Any scrap metal contains both that was generated along the 
entire manufacturing chain and that recovered from products that upon reaching 


end-of-life were converted into secondary material. 

Accordingly, UNEP’s International Resource Panel (Graedel et al., 2011a) pre- 
sented the global average of recycled content for sixty metals comprising ferrous, 
non-ferrous, precious and specialty metals (Fig. 14.1). Perhaps surprisingly, Pb, 
Ru and Nb top the list, at more than 50% recycled content. These come before 
metals such as Au, Fe and Al which one may normally consider a recycling prior- 
ity, particularly given the energy savings associated with secondary aluminium (Al 
recycling saves 95% of the energy consumption, C'u 85%, whilst steel and Pb saves 
74% and 65%, respectively (Wellmer and Steinbach, 2011)). In contrast, the least 
recycled metals at less than 1% recycled content are Li, As, Y, Ba, Os, Tl, Sm, 
Eu, Tb, Ho, Er, Tm, Yb and Lu. The International Resource Panel provides no 
data about potentially critical elements such as P, K, Sc, Te, Hf, Bi, Th and U. 

Similarly, Sibley (2011) showed that in the US only in lead’s case, does the 
secondary source predominate over new extraction at 60% recycled material and 
>90% old scrap recycling efficiency! (Fig. 14.2). Titanium, germanium and nickel 
have a 50/50 split whilst their recycling efficiency is 90%, 75% and 50-55%, respec- 
tively. Any other metal recycling falls below 50%. Tungsten is at 45/55 (60-65% 
efficiency); iron and steel, 40/60 (50-55% efficiency); manganese and aluminium 
35/65 (50-55% and 38-42% respective efficiency); molybdenum, magnesium, silver, 
cobalt, cadmium and copper 30/70 (with respective efficiencies at 29-33%, 38-42%, 
>90%, 60-65%, 15% and 38-42%); gold and zinc 27/73 (>90% and 18% respective 
efficiency); tin, niobium, tantalum, antimony and chromium 20/80 (with respec- 
tive efficiencies for tin, niobium, tantalum, and both antimony and chromium at 


1 The recycling efficiency factor provides the percentage of useful metal recovered at the end-of-life 
re-entering the metal cycle. Useful here means that the material still retains the physico-chemical 
properties that make recycling functional. 
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Fig. 14.1 The periodic table of global average recycled content for sixty metals. RC, the fraction 
of secondary [scrap] metal in the total metal input to metal production). Unfilled boxes indicate 
that no data or estimates are available, or that the element was not addressed as part of this study. 


Reprinted from Graedel et al. (2011b) 


75%, 50-55%, 29-33% and 85-90%); platinum 15/85 (75% efficiency) and beryllium 
Recycled metal commodities in the US have been consis- 
tently documented by the USGS over time, the latest of which forms the basis of 


10/90 (5% efficiency). 


Fig. 14.2. 
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Fig. 14.2 Flow studies for recycled metal commodities in the US. Adapted from Sibley (2011) 


A historical analysis for the case of aluminium made by Gerber (2007)? as shown 
in Fig. 14.3 helps one understand the correlation between extraction and recycling 


2J. Gerber is a former chairman of the Global Aluminium Recycling Committee. 
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velocities. It shows that although the proportion of recycled aluminium has in- 
creased since the 1950s, secondary aluminium amounts to only 38% of the total 
available on the market today as global demand for aluminium has grown concur- 
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Fig. 14.3 Historic evolution of recycled aluminium and its primary production. Adapted from 
Gerber (2007) 


Based on Fig. 14.3, the reader is asked to suppose that in the period 1950-2020, 
demand (denoted D) for aluminium grew annually by 2%, whilst the secondary 
production (denoted R) grew by 0.25%. If one then goes on to understand that 
this velocity will continue into the future, a simple calculation using an exponential 
analysis indicates that some 250 years would be needed to obtain 98% efficiency 
recovery rates*. Demand on the other hand would double close to around every 40 
years*. If there were not any form of recycling at all, extraction (denoted M) would 
double every 35 years (just five years earlier than if recycling exists). Furthermore, 
upon reaching the ceiling of 98% recycling efficiency, should demand still continue to 
grow at a 2% annual rate, extraction will still, despite all recycling attempts, double 
every 35 years. Extraction of aluminium as a function of demand and recycling rates 
is mathematically expressed in Eq. (14.1). 


D(0) : e(0.02t) 


MY) Sa R(0) - (1 + 0.0025#) 


(14.1) 


3Recycling rates grow lineally with time and thus if today aluminium recycling rates are at 35%, 
98% will be attained in: (98-35)/0.25=253 years. 

4Sagar and Frosch (1997) studied an exceptional case of recycling in New England, where over 95% 
of the metal remains in the scrap recycling system. This is a considerable effort that leaves only 
5% metal loss. However, this figure also means that, even when maintaining the same conditions, 
within 15 years, all that is currently extracted will be dispersed. 
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The implications of the above are clear; the only way of superseding extraction 
is by reducing demand to a figure lower than the rate of recycling. Mathematically 
speaking this means that the current rate of demand (2%) needs to fall to less than 
0.25%. And, as these indices will need time to converge, the temporal limit of 
societal demand is the amount of crustal resources. Whilst aluminium presents no 
geological scarcity problems, at least not into the medium to long term, the analysis 
can be extended to any metal or other resource. 

Nevertheless, as Wernick and Themelis (1998) comment: “One hundred percent 
recovery to satisfy demand represents more of a goal than an attainable reality, even 
for precious metals, where the incentive to recover value is greatest”. 


14.4. Urban mining 


The ever decreasing ore grades of natural mineral deposits together with increasing 
concerns about the future raw material supply, leads one to reconsider a new source 
of mineral resources, the so-called technospheric or anthropospheric reservoirs. Such 
stocks are growing faster than ever due to the exponential demand of resources 
as shown in the previous section with the aluminium case. In fact for certain 
commodities, the global technospheric stock may be greater than that left in natural 
deposits. For instance, as pointed out by Gerst and Graedel (2008), the global in- 
use stock of copper corresponds to 50% of the virgin reserves remaining in known 
ores. Furthermore, metals in in-use stocks, landfills and leftovers in tailings and 
slags could be even more concentrated than their counterpart in existing geological 
deposits (Allen and Behmanesh, 1994; Johnson et al., 2007). Consequently, once 
the scarcity of “virgin” material becomes acute and should commodity prices rise, 
the recovery of secondary resources from technospheric stocks, popularly referred 
to as urban mining (Brunner and Rechberger, 2004) may become a realistic option. 
Indeed, this possibility is gaining increasing attention and has been addressed as 
a suitable and necessary alternative by the UNEP International Resource Panel 
(Graedel et al., 2010) or the Swedish Environmental Protection Agency (SEPA, 
2012). 

Urban mining has been alternatively defined by Brunner (2011) as the syste- 
matic reuse of anthropogenic materials from urban areas. In fact, as discussed by 
Johansson et al. (2013), different terms are used in the literature to partly or to- 
tally describe this concept: “mining above the ground” as stated by UNEP (Graedel 
et al., 2010), “waste mining” (Ayres, 1999; Ayres et al., 2001), “secondary mining” 
(Pirrone and Mahaffey, 2005), “landfill mining” (Savage et al., 1993; Cossu et al., 
1996) or “enhanced landfill mining” (Quaghebeur et al., 2013). In order to address 
this semantic confusion and to further clarify the distinction between metal recovery 
from technospheric stocks, primary resource extraction and traditional waste man- 
agement, Johansson et al. (2013) developed the umbrella concept of “technospheric 
mining”. The adjective “urban” thus disappears, since technospheric stocks are not 
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necessarily located near urban areas (Johansson et al., 2013). In this way, to de- 
scribe the multiple sources where resources can be recovered, technospheric mining 
is subdivided into six categories, covering in-use, hibernation, dissipation, landfill, 
slag and tailing mining (Fig. 14.4). Concerning their size, in-use stock constitutes 
by far the largest reservoir (estimated to comprise at least 50% of the total amount 
in the technosphere (Brunner and Rechberger, 2004; Graedel et al., 2010)). Land- 
fills and tailing ponds could constitute up to 10% of the technospheric resources, 
whereas slag heaps, hibernating stocks and dissipated metal resources are consid- 
ered to be the smallest sinks of metals making up 1-5% of the total technospheric 
stocks (Johansson et al., 2013). 


Technospheric mining (Urban mining) 


Landfill mining 


In-use Hibernation Dissipation Landfill 


Secondary mining 


Waste mining 


Fig. 14.4 Existing mining concepts and their connection with different stocks in the technosphere. 
Adapted from Johansson et al. (2013) 


In-use mining could refer to the strategic relocation of those metals already 
in-use due to changed market conditions, where such metals, despite their own- 
ership and present purpose, are moved toward more needed purposes (Johansson 
et al., 2013). Hibernating stocks meanwhile are accumulations of obsolete materials, 
that even now could be made accessible for recovery, such as those derived from 
old water supply and sewage networks, gas, power and telecommunication grids or 
decommissioned military and industrial structures (Krook et al., 2011). Landfill 
mining refers to the extraction, processing, treatment and/or recovery of deposited 
materials (Frandegard et al., 2013). Extraction from tailings and slags meanwhile 
refers to the reclaiming of raw materials that are discarded during the mining and 
metallurgical processes (see Sec. 14.6.1). For instance, according to Graedel et al. 
(2004), around 2% of the global production of copper was obtained from reworked 
tailings. Johansson et al. (2013) also cites a few examples of slag recovery from slag 
heaps derived from copper and steel production, although these are very limited due 
to the complexity associated with slag leaching. The final subcategory, dissipation 
mining, is the most difficult to achieve. In this case, secondary metals have dissi- 
pated back into the environment and with the consequence of uncertain location 
and low concentrations in sea, land, and air (Johansson et al., 2013). Drawing a 
parallel, the authors of this book would refer to it as “mining from Thanatia”. Sub- 
sequently, dissipation mining is rather unrealistic since it would involve a massive 
use of energy. 
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Technospheric (urban) mining is in all its possible manifestations still in its 
early stages of development. That said, there are some real initiatives that could 
constitute the starting point of a widespread implementation of the recovery of 
technospheric materials. This is the case of The Closing the Circle project (CtC) 
in Houthalen-Helchteren (Belgium), which is the first enhanced landfill mining case 
study (Quaghebeur e¢ al., 2013). 

The following section explores the different technologies required for the recovery 
of materials at their end-of-life (either through recycling or urban mining). 


14.5 EoL technologies 


As explained in Chap. 4, on considering the life cycle of an element, three different 
stages can be identified: beginning-of-life, BoL, the mining, beneficiation, smelting 
and refining (extensively described in Chap. 7 and Chap. 8); the product’s life i.e. 
its manufacture, distribution and use; and the product’s end-of-life, EoL, meaning 
and as defined by UNEP (Graedel et al., 2011a), the physico-chemical recycling 
operations such as collection, sorting, separation and liberation, or alternatively 
landfilling with or without “urban mining” and dispersion. 

Focusing on a given metal, after production it is manufactured, used or reused 
and commences its Fol. As the cycle advances the metal is alloyed, mixed, oxidised 
and degraded. Even whilst in each stage recycling opportunities appear, the cost 
efficiency of such recycling decreases as the cycle progresses. Recycling thus follows 
an exponential thermodynamic degradation trend: the further down the cycle a 
recyclate is, the higher its cost as will be seen later in Sec. 14.7. This is because of 
the need for de-mixing and concentrating processes. 

New scrap originating from fabrication or manufacturing is easy to recycle with 
high recoverable efficiency. Yield losses here derive from processes such as trim- 
ming, subtractive processing, material discards, turnings, scrapings from sputtering 
chambers, saw dust, or grates from casting, etc. The resulting material is homoge- 
neous, concentrated and with a high enough volume to facilitate recycling. It is this 
recyclate which commonly appears in recycling statistics and is in fact the main 
source of secondary metal. 

Old or post-consumer scrap is more difficult to recycle; it appears in components 
mixed with other metals and materials like plastics, glue, glass, wood or stone and 
requires careful de-mixing. Should recycling occur, there is an LoL exergy”, which 
depends on the specific processes used. Recycling operations are composed of a 
sequence of logistic and physico-chemical processes all of which consume exergy. 
According to Reuter and van Schaik (2010) these are: 

First, collection. No or only a small amount of collection effectively means 
no recycling chain. To promote recycling, an efficient reverse logistic structure is 


5The complement to the conventional embodied exergy which accounts for the BoL and product’s 
life stages. 
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key. But collection not only entails additional transport mapping and costs but in 
many ways a complete re-design of company strategy in order to facilitate efficient 
recuperation of a product after its useful life has ended. Changes would need to 
occur throughout the entire lifecycle - from product manufacture and distribution, 
to marketing and re-integration into the system. 

Second, sorting. It is not enough to collect in order to re-use or recycle. One 
must go on to sort. Sorting, is a highly negentropic operation, which as with any 
mechanical process, requires small amounts of energy, especially if done intelligently 
as this saves a substantial quantity downstream. 

Third, disassembly or dismantling. Both processes are mechanical with not 
much energy input per unit weight of product. Disassembly does not destroy the 
original product but detaches its components for their eventual fixing or partial 
recovery. Dismantling, meanwhile, which does not distinguish between the func- 
tional integrity of given devices is preferred if the purpose is purely a question of 
component separation with no regard for their reuse. 

Fourth, a finer mechanical separation like shredding that liberates in higher 
or minor grade the different constituents. For instance, bolted and riveted joints 
present good liberating efficiencies, especially when the materials considered are 
brittle. Coatings and paints, in contrast, present a very low degree of liberation. 
Glued and welded joints, as well as layers and inserts meanwhile, show intermediate 
or variable efficiencies. The physical separation sequence may end in a conven- 
tional grinding process, whose energy consumption increases exponentially as size 
decreases. The final particle size depends on the number of metals to be recovered 
and the yield efficiency to be achieved, with special attention paid to the minor 
metals. 

Fifth, pre-processing in parallel to beneficiation. To obtain fractions rich in 
desired components, this kind of separation takes advantage of the differences in 
each constituent material’s density, magnetic or electric properties. A good physical 
separation avoids impurities downstream and determines the quality of recycling, 
albeit at the cost of a greater energy consumption. 

Sixth, metallurgical processing. This step takes advantage of the already proven 
metallurgical methods to extract metals from primary resources (see Chap. 8). As 
in conventional metallurgy, the large scale integrated smelter-refinery plants of the 
recyclate follow the metallurgical route of Cu, Pb or Ni. High temperatures allow 
for the separation of metals into different phases: solid slag, melting phase and flue 
gases. The melt predominately contains the principal metal, which later undergoes 
electrolytic refining. The elements Cd, Hg, Zn, Se and other volatilised metals es- 
cape as gases and may further be recovered from water slurries, or at least trapped. 
Glass, ceramics and other oxidised metals are transferred to the slag. This slag may 
contain low concentrations of Si, 77, Ta, Nb, Be, Li and REE with uncertain rates 
of economic recovery. 
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Hydrometallurgy can, alternatively, be used for selective strong leaching either 
with sulphuric or hydrochloric acids, or even cyanide or caustic soda. This process 
may be used to strip metal coatings or for dissolving alloys. Using hydro-, pyro- 
metallurgy or a combination of both to treat the recyclates is a matter of financial 
viability and patenting. As occurs with conventional metallurgy, the separation of 
metals from recyclates is also a question of chemistry, thermodynamics and kinetics 
(Hayes, 2003). 

Unfortunately, end-of-life recovery technology for most products is largely under- 
developed. A critical case is that of products containing minor metals as explained 
in the next section. Furthermore, there are no or very rough estimates about global 
stocks and recycling rates of most metals and only a few estimates for the major 
alloying metals at national level (Graedel et al., 2010). 


14.6 Minor metals recovery 


Hageliiken and Meskers (2010) consider minor metals as those that “have relative 
low production or usage, which occur in low ore concentrations, are regarded as 
rare, or are not traded at major public exchanges”. The Hague Centre for Strategic 
Studies (HCSS - Kooroshy et al. (2009)), split them up into doping agents like 
Ga, Li, Mo, Nb, Hf, Ta, W, Zr, REE, as well as Co, Re, Ge, In, Se, Te, As, Sb, and 
Bi; and the precious metals PGM, Au and Ag. Important common features of these 
metals are: first, most of them appear geologically related to major metals. Second, 
they are used in many clean tech and high tech applications. Third, their intensive 
industrial use began only thirty years ago, even in the case of historically precious 
metals like gold and silver. This means that metals are subject to two core issues: 
scarcity and a rocketing demand. There also exists a distinct lack of information 
regarding quantities and efficiencies. 

Minor metals require a thorough analysis as their extraction and their compo- 
sition as dopant agents means that they have special properties which necessitate 
complex recovery processes (either from the mine BoL or from old scrap EoL). They 
also have issues relating to either absolute scarcity (Sec. 14.2) or supply shortages 
as their demand escalates upwards. 


14.6.1 Minor metals recovery from BoL 


Minor metals are secondary products released in the mining of other elements. 
They occur in concentrations in the order of ppm, creating an entropic problem. As 
already described in Chap. 8, copper mining produces the following byproducts: Co, 
Mo, Re, As, Bi, Co, Se, Te, Au, Ag and PGM. Associated with the production 
of tin are the rare earths, In, Ta and Nb whilst in the production of nickel there 
are Cu, Co, Au and PGM. Aluminium meanwhile results in the production of Ga 
and Ge and that of zinc and lead also leads to quantities of Ge, In, Se, Te, Bi, 
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and Ag (Hageliiken and Meskers, 2010). Hence, each element that has yet to be 
recuperated becomes an impurity® contained within the principal metal that later 
must be refined or treated in order to eliminate it. 

The production of minor metals needs secondary metallurgical processes which 
are undertaken in addition to the mining of the principally extracted metal. Ge- 
nerally speaking, metallurgical processes require the use of very specific treatment 
technologies with, as the reader has seen in Chap. 8, each metal entailing individual 
separation and refining technologies. Given that the principal process doesn’t typi- 
cally involve the minor metal, the separation of the latter is far from efficient. This 
then leads to high embodied energy values and consequently large losses in metal 
yield. Minor metal recovery processes whilst highly sophisticated are also capital 
intensive and more closely linked to fine chemistry than the bulky technologies asso- 
ciated with conventional metallurgy. Such investments can have uncertain payback 
periods, given that they are a function of market instabilities and price. Two good 
examples of this are the PGM and the rare earth metal groups. 

Should the mining-metallurgical technologies be inappropriate or more impor- 
tantly the concentration of the minor metal be too low, almost all of it will remain 
in waste rock, tailings or slags. There will always be gangue left for re-exploitation 
some point into the future. But rock removal is far from a precise process and for 
the minor metals neither is it selective. The threshold of whether a metal should be 
fully extracted from resulting waste streams is simply a question of economics. For 
precious metals, it pays to recover any minute quantities when for others it simply 
does not. And, no one really knows the amount of resources that remain in waste 
rock from those mines that are currently in operation or have been closed. Only 
those veins with an acceptable cut-off grade are exploited, but even so they exist 
in variable, rather than discrete compositions. Furthermore, it is improbable that 
this mineral exploitation involves off-premise accountability of the ore grades con- 
tained in the waste rock, leaving a notable quantity of resources which are neither 
exploited nor recognised in mining statistics. 

Opening a new mine implies amongst others, enormous investment in machinery 
and infrastructures along with significant social and environmental impacts, some 
of which may be indefinite. Yet in contrast, the extraction of minerals of a low 
ore grade in working mines presents a great opportunity for the recuperation of the 
minor metals. To that effect, as energy and water consumption are strongly depen- 
dent on ore grade, improving such costs automatically favours low-grade mineral 


extraction. This is especially the case for grinding operations’. 


6When the impurities are traces of heavy metals, this translates to an environmental problem on 
the release of wastewater, dusts or flue gases. 

“Norgate (2010) proposes the use of comminution systems such as stirred mills and high pressure 
grinding rolls (HPGR) in order to obtain energy savings of around 15-30% compared to traditional 
dry circuits. Here any water is re-used as the process demands. 
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14.6.2 Minor metals recovery from EoL 


Minor metals can also be obtained from old scrap given that most are components of 
high tech products such as printed circuit boards, mobile phones, computers, LCD 
screens and other devices constituting what is legally referred to as waste electrical 
and electronic equipment (WEEE). Private vehicles are also a key source of minor 
metals, as they contain micro-motors and catalytic converters. Different types of 
batteries containing Pb, rare earths, in addition to Ni, Co, Cu , Mn or Li are also 
a source of metal recovery. 

That said, when extracting metals from recyclate two main groups of products 
need to be distinguished (Hageliiken and Meskers, 2009, 2010): those having a 
paying metal and those that haven’t. Paying metals could include Cu, Pb, Ni, the 
precious metals, and eventually Te, Se,Sb, Bi, In, Sn, Ga and Ge. Used products 
containing paying metals have sufficient economic backing to properly recover them 
and their additional metal byproducts, as would be the case of mobile phones. On 
the contrary, when recyclates lack an economic incentive or compulsory regulation, 
such as occurs with thin film photovoltaics, no recycling takes place, even if the 
technology to do so already exists. 

An additional problem to take into consideration is that when a product arrives 
at its EoL, all combinations of minor metals may be possible in waste streams, 
contrarily to the natural order whereby ore families of minor metals are always 
linked to a major one (thus facilitating a metallurgical processing route based on 
chemical similarities). The chemical behaviour of rare earths for example, is closer 
to that of the alkaline-earths than to the precious and other non-ferrous metals. The 
recovery route of one set of metals may therefore impede that of co-existing ones. 
Therefore, “waste metallurgy” could even be more complex than its conventional 
counterpart, unless good collection and sorting processes prevent any mixing. Even 
should mixing be restricted, the difficulty of waste treatment is also a matter of sheer 
volume, especially as each individual waste needs a specific recycling treatment. The 
more specific it is, the better the resource recovery. 

One key waste stream is that of consumer electronics. As they are widely dis- 
tributed across the globe, a complex web of reverse logistics is increasingly necessary 
to recover economically and efficiently their minor metal constituents. This is be- 
cause a truly global distribution makes it nearly impossible to obtain sufficient 
processing volumes. Yet society must begin to consider how it would go about 
re-integrating reverse logistics as “Without establishing effective recycling loops for 
scrap production, as well as for LoL products to stimulate secondary metal pro- 
duction, supply problems may result for a number of minor metals accompanied by 
corresponding price effects” (Hageliiken and Meskers, 2010). 

Indeed, and according to the EU Joint Energy Research Centre (Moss et al., 
2012), the 2030 forecast demand for the deployment of the EU Strategic Energy 
Technology Plan alone, is 50.4% for Te 19.4% for In and 0.28% for Se, relative 
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to 2010 world production’. If correct, this would lead to a considerable increase 


in minor metal demand into the near term and a strong need to develop recovery 
technologies from used devices at their FoL. 

Unfortunately very few companies are affording such treatments. An exception 
to this is the case of Umicore®. The following examples provided by Hageliiken and 
Meskers (2009) describe some of the recovery processes of several residues: 


e Ceramic matrix of catalytic convertors: Pt, Pd and Rh are almost completely 
and relatively easy to recover. The process does however result in the loss of 
those rare earth elements used as washcoat. 

e Printed electronic circuit boards and mobile phones: here the process recovers 
Au, Ag, Pd and Cu. It requires special conditions since the raw material con- 
tains substances such as hazardous plastics. Nevertheless it essentially follows a 
conventional metallurgy allowing high yield efficiencies even for the byproducts 
Pb, Ni, Sn, Se, Te, Bi, In and Sb. However, neither REE nor Ta is recovered. 

e Rechargeable batteries from laptops, mobile phones or electric vehicles: here, 
the technology to obtain Co, Ni and C'u is already well developed but its 
economic viability depends on the price of the “paying metal’, currently cobalt. 
As batteries are composed of a mix of metals, plastics and electrolytes, the 
recovery process requires special safety procedures in order to avoid hazardous 
emissions, especially in the case of Ni/Cd forms. Lithium and Mn can also be 
recovered depending on their market price. 

e Thin-film photovoltaic modules with active layers deposited on a glass or plastic 
support and composed of combinations of M = In, Ga in CuM Seg, or CdTe: 
here a paying metal is missing or in such a low concentration that it hampers 
economic recovery. Moreover when Cd is present, any thermal treatment causes 
environmental concerns. Therefore its recycling is a real challenge, likely to 
be only surpassed if prices and demand of In, Se and Te would reward such 
investment. 


Thus in many cases LoL technologies are still in their infancy. Each time a set 
of paying metals is recovered it is done so at the expense of various others. This 
is a consequence of the Second Law: whatever you do, the entropy of the Universe 
will continue to grow. In layman’s terms, the more one separates components of a 
mixture, the more entropy is created, either at the expense of energy downgrades 
or in the increase of entropy of the remaining unseparated mixture or both. This is 
in effect what the authors refer to as the problem of “entropic backfire ” as seen in 
the following section. 


8Te <450 t/a, In ~600 t/a, and Se ~ 2100 t/a, according to USGS (2012). 
°See http://www.umicore.com/en/ourBusinesses/recycling/. Accessed March, 2013 
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14.7. Entropic backfire: reagents and recyclate entropy generation 


As an element cannot be destroyed but instead becomes dispersed or degraded 
(should it come into contact with other elements) it can theoretically be reused over 
and over again with the empirical limit hinging on the energy consumed. There are 
however associated side-effects in this practice that can be understood through the 
Second Law. 

The reader is asked to consider the case of a separation of a mixture containing 
various metallic substances present in a recyclate!°. Here, if one is to selectively 
separate a metal from the mixture, a set of determined chemical and thermal pro- 
cesses would have to be applied. Such processes could include, for example, selective 
solvent extraction, phase changes or dissolution with acids or bases, etc. As the ob- 
jective is to extract the paying metal, what happens to the waste is of secondary 
importance. Yet from a Second Law perspective the overall level of entropy has 
increased. But where exactly? The answer is in the waste generated from the 
use of solvents, reagents or fuels and sometimes in that of the recyclate. This en- 
tropy augmentation can subsequently be referred to as the “entropy generation in 
reagents”. 

Furthermore, the recyclate has been partially separated into the desired metal 
and the “waste from recyclate”, that is to say those residues that could not be 
salvaged. This waste from recyclate, in theory and with a sufficient quantity of 
new reactants, could be converted into new recyclate that could in turn be sepa- 
rated further into a secondary new paying metal with an additional amount of new 
reagents. 

The question now is whether it is worthy to continue with subsequent separation 
processes or if it is better to obtain the new paying metal from mines directly. If 
in the first extraction, the process has been optimised for salvaging a certain pay- 
ing metal, the resulting waste from recyclate may not present favourable chemical 
conditions for a second paying metal. Consequently, recovering additional metals 
from such waste is not only extremely complex but also expensive. The reason for 
this phenomenon is that as explained previously, natural processes tend to generate 
families of elements with similar chemical characteristics (see Fig. 8.1 on p. 179), 
whereas in waste streams all combinations of minor metals may be possible. Such 
elements do not generally present similar chemical behaviours that favour their mu- 
tual separation. In short, if the recovery process is selective for a given paying metal, 
the salvaging of additional minor paying metals is often blocked from an economic 
point of view, since it is literally more cost effective to extract virgin material. 

In thermodynamic terms this means that that the “final waste from recyclate” 
contains more entropy than the initial recyclate with the difference between the 
two known as “recyclate entropy generation”. This term describes how in all real 
processes the specific separation of components from a recyclate creates waste which 


10See the theory behind the entropy generation in mixtures in Sec. 9.3. 
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is at each successive step, more difficult to salvage. In other words, if no care 
is taken, the recycling of one metal could prevent the recycling of others in the 
recyclate. This effect is what the authors coined Entropic Backfire. Enhancing 
physical separation processes prior to “waste metallurgy” notably reduces entropic 
backfire. Even more does an adequately design of products that avoid complex and 
heterogeneous mixtures of elements. The consequences of not doing this are obvious: 
if society chooses to extract a desired material via the processes of material recovery 
and recycling (either in the BoL from waste rock or in the EoL from recyclates), 
society somewhat ironically could accelerate the evolution of final residues towards 
Thanatia. 

If by way of contrast, nothing is separated, then no further entropy is created. 
The Second Law does not place limits on what is recyclable and what can ultimately 
be recycled, this is instead left to what can be regarded as common (economic) sense. 
Between the two extremes of complete or no separation, the optimum economic 
point can be found whereby entropy is generated in both the reagents and the 
waste recyclate.This is because as in all separation processes, there is an economic 
threshold which hinders its “completion”. 


14.8 Conventional vs urban mining 


Minor metals are dominated by their entropic complexity given that their natural 
concentration is low and that they are typically associated with a base metal that 
constitutes the principal objective of mineral production. 

As aforementioned, due to the disincentives associated with low grade mineral 
extraction, minor metals often remain mixed in with waste rock or tailings, becom- 
ing steadily diluted, compared to their unexcavated state in the mine. This dilution, 
at the point closest to the y axis in Fig. 14.5, can be approximated to the concen- 
trations present in Thanatia. At such concentrations a comparatively substantial 
input of energy is needed for any beneficiation process. Furthermore, the condition 
of the minor metal byproducts implies considerable energy consumption for their 
metallurgical beneficiation, processing and refining from the base metal from which 
they proceed. 

In contrast to conventional mining, urban mining may be more complex as 
previously explained. This depends on the final uses of the metal. Particularly, the 
life of minor metals, except for the case of precious ones used in jewellery or coinage, 
typically involves being alloyed, welded, chemically altered, mixed, doped or glued 
with (or to) other non-metallic substances. This implies an entropic mixture with 
other materials and their entropic dilution in the technosphere. A good example of 
this is WEEE, the great majority of which has been dispersed, mixed and chemically 
transformed into extremely difficult to recover materials within an unbelievably 
short period of time. 

Reuter et al. (2005) provide an example of this through the cathode ray tube 
(CRT), an electron gun contained in a vacuum tube, composed of Al and Cu, 
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Fig. 14.5 How the mining process either concentrates or disperses minerals, once extraction has 
been completed 


amongst other metals including iron, stainless steel, precious metals, as well as 
solder, PbO and BaO glass, phosphorous powder, ceramics, wood, various plastics, 
epoxy and electronics when evaluating the waste cycle. The CRT is one case where 
a widely spread global technology came to an abrupt and somewhat unforeseen 
end very quickly. Substituted by LCD flat panels, amongst others, it is now a 
dead technology having been withdrawn from the consumer market completely since 
2006!!. The superior technology of LCDs over CRTs, whilst providing sharper 
quality pictures and thinner, lightweight designs may appear “greener” but does 
in fact come at an environmental price, inducing higher consumptions of scarcer 
metals such as In and Sn. Such innovations could then run the risk of, what the 
authors’ refer to as the material rebound effect”. 

In fact, after a set of extremely complex recovering unit operations, a CRT could 
potentially provide the following materials: Al, Mg, Si, PbO, F'e203, Fe304, ZnO, 
Sb203, W, Cr, ZnS, Y203, Eu, Ag, Au, Pt, Pd, Rh, Pb, Cu, Bi, Ni,Co, As, Sb, Sn, 
Se,Te,In, Zn, Fe, S,Cd, Hg,Tl, F,Cl, Br, AlgO3, CaO, SiO2, MgO, Cr203, BaO, 
TiO2, Na2O,Ta, SrO, [—C3H6—|n , [CoH3Cl—|n, [—C1,H22N2O4—|n, epoxy and 
wood. Should no recycling occur, these materials in the worst possible scenario 
will enter into landfill before becoming eventually dispersed. Urban mining could 
however be ultimately used for reclaiming them from waste and thus closing the 
material’s cycle. 


1lFor more information, see: http : //www.standard.co.uk/news/the — future — is — flat 
as — dixons — withdraws — sale — of — big — box — televisions — 7081231.html and http : 
//usatoday30.usatoday.com/tech/products/gear /2006 — 10 — 22 — ert — demise_x.htm. 

12The rebound effect which is also commonly known as the Jevons Paradox expresses the fact that 
an improvement in efficiency paradoxically results in additional consumption. A thorough study 
of the rebound effect may be consulted in Sorrell (2007). 


Recycling Solutions 447 


As explained before, urban (or technospheric) mining is gaining importance 
as ore grades of natural deposits decline to such an extent that extraction from 
waste becomes more cost effective than taking them from mines directly. Hence, 
metal and material dispersion acquires a new dimension. Dispersion should not be 
solely assessed as the exergy replacement cost from Thanatia to Nature’s mines, as 
shown in Chap. 12, but rather from Thanatia to both, Nature’s and Man’s urban 
mines. Indeed, if one analyses where a metal in a landfill lies in the “Exergy cost 
vs concentration curves”, one realises that it is less energy intensive and thus easier 
to extract directly from Nature than to salvage most dopants and non-recoverable 
precious metals from the urban mine (here referred to the specific case of landfills 
— see Fig. 14.6). 


Conventional mining 
Exergy cost, kWh 4} 


o> Urban mining 


i! 


x Thanatia x landfill x mine 


Fig. 14.6 Landfill concentration and energy required for the extraction of most scarce doping 
metals in both urban and conventional mining 


That said, the advantage of the urban mining is that society may change its 
concentration with regulation, technology, education and lifestyle alteration which 
could go on to facilitate more efficient recycling. In contrast, as Man doesn’t create 
natural mines he has no influence on their original concentration but rather can 
only learn to better exploit them. Urban mining is thus not a “nice” metaphor but 
a real need, with urban mine beneficiation and urban metallurgy urgently requiring 
further development. In this respect, not only technology but also regulation, social 
aspects and markets will have a decisive role (van Passel et al., 2013). Particularly, 
the elaboration of new techniques and databases containing information on flows 
and stocks of materials able to identify available resources and their suitability for 
recovery will become critical (Paap et al., 2010; Brunner, 2011). Legislation could 
also constitute an important obstacle. As pointed out by Johansson et al. (2013), 
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current environmental legislation is still heavily adapted to linear material flows, 
which could influence at least indirectly the feasibility of and/or interest in urban 
mining. Additionally, the negative reaction of potentially affected communities 
against plans performing such activities needs to be considered. 

Ultimately, as long as landfill material concentrations and the recoverable 
amount is not enough to encourage appreciable investment, extraction from Na- 
ture remains the preferred market option. For example, in high-tech goods, dopant 
metal recycling in small scale urban mines cannot occur whilst globalisation and 
landfill dispersion favours natural mine exploitation and inhibits recycling. High 
consumer demand coupled with the inability to recycle, even the most common 
of materials, makes the closing of each element cycle technically and economically 
unfeasible. Even reaching high recycling rates will remain far from a reality unless 
drastic changes are to be enacted. These changes could be initiated by tailored 
policy measures taking into account the economic and environmental benefits and 
costs of such projects (van Passel et al., 2013). Moreover, policies which assign a 
proportion of a good’s consumer price to re-collection and dismantling programmes 
and initiatives such as back-to-house-recycling should be developed. A service based 
economy, dematerialisation and intensive R&D in material science and eco-design 
must also be key social drivers in material conservation. This is because EoL is 
not only a combination of high-tech and economic decisions but also a matter of 
collective responsibility in all rungs of society. Those working in recycling, including 
researchers, companies and individual scrap collectors rather than being considered 


mere “scavengers!®” 


need proper recognition and regard. This is something diffi- 
cult to promote when the issue of material dispersion does not even enter society’s 
ecological debate. In the end the only difference between a virgin and a recycled 


material is its purity and price, not its origin. 


14.9 Summary of the chapter 


A given materials level of recycling depends heavily on its level of criticality. Within 
Thermodynamics, three types of criticalities can be identified: mineral (scarcity of 
mines, not elements), chemical (related to the difficulty of separating metals that 
are typically found alongside others of similar chemical characteristics) and absolute 
scarcity (geologically infrequent). 

Focusing on those materials needed for industrial development, it has been seen 
that recycling almost never covers the 50% level of demand for strategic metals. An 
exception is the case of lead in the US, which covers around 60%. Therefore mining 
remains the main market source of all metals. Even with the most easily recyclable 
ones, coupled with a high consumer demand and the prospect of substantial energy 
savings, as in the case of aluminium and steel, recycling does not reach 40%, nor is 


13 term especially applied to backyard workers who engage in poorly efficient and potentially 
harmful recycling operations. 
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it expected to before 2020. This is because the current recycling rate relies heavily 
on the “paying metals”. Recovery efficiencies are also, in the majority of cases, low. 
The best recovery rates unsurprisingly include those of the precious metals. 

In addition to recycling, urban (or technospheric) mining, 7.e. recovering ele- 
ments from the technosphere either through in-use, hibernating, landfill, tailing, 
slag or dissipation mining, could become a realistic option in the future seing that 
ore grades of “anthropogenic mines” are sometimes even greater than natural ones. 

It should be noted however, that recycling and urban mining processes are all 
subject to the Second Law. So, even if the aim of recycling is the recovery of 
materials from waste and in doing so apparently decreasing entropy, the waste 
from recyclate sometimes contains more entropy than the initial recyclate, thereby 
hindering the salvaging of additional metals. This effect is what the authors term 
an Entropic Backfire. 

That said, the potential for material and energy savings, not to mention an 
avoidance of pollutant emissions is huge. To attain such savings, a holistic view of 
lifecycles and recycling chains is needed which means that further research in process 
and in end-of-life recovery, eco-efficient design, disassembly and reverse logistics is 
required. As is a systematic account of losses and a new way of promoting and 
managing material streams. 

Such practices are fast becoming part of the most promising industrial sectors of 
the near future. A wider web of knowledge, a comprehensive geopolitical framework 
of remediation and maintenance and an economic paradigm shift with which to ad- 
dress resource scarcity must play an ever important role for its proper establishment. 
This is reflected upon in the following chapter. 
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Chapter 15 


The Challenge of Resource Depletion 


15.1 Introduction 


In this chapter, the authors discuss their reflections as to why minerals are thought 
of as scarce and subsequently why resources are not being managed efficiently. 
It strives to answer the question of what should be done to improve the current 
situation. There are three considerations that need to be taken into account in any 
transition towards an increasingly sustainable society. These are: 1) a paradigm 
shift away from the economics of Man to the economics of Nature; 2) an analysis of 
the existing interdependencies between various resources and 3) global remediation 
and maintenance. The chapter ends by emphasising the building blocks of a truly 
durable society. 


15.2 Geological scarcity or commercial shortage? 


If there are elements, especially should their recycling be not only complex but more 
energy intensive than their natural extraction, industry is obligated to obtain them, 
almost exclusively, from the mining sector. And from here the following question is 
raised: To what extent can society expect to extract into the future? 

In answering that question one must first know the facts surrounding mineral 
extraction. From 1950-2000 global mineral production multiplied fivefold and in 
only the first decade of the 21st century, production increased by around 20% for 
the precious metals, by 35% in the mass consumables and some 50% in doping 
agents (Kooroshy et al., 2009). The trends show that worldwide demand continues 
to escalate. In that respect, the OECD expects production to double in the next 
25 years. The highest rates of growth will come from emerging economies that 
are increasingly competing for access to reserves. China, perhaps provides the best 
example with its annual demand of Al, Cu and Zn climbing to 17% and representing 
70% of the total current global demand. If this rhythm continues to follow its current 
exponential pattern, the overall annual growth rate will equate to 2.8%, meaning 
that the total amount of minerals extracted in the next 25 years would equal that 
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extracted in all previous history!. To this one needs to add the fact that control of 
the most critical supplies lies in the hands of very few countries and/or companies. 
That is to say that the provision of minerals is not geographically linked to demand. 
This phenomenon is a source of economic problems, not to mention those related 
to the sharing of information which is often protected in the name of national 
interests and security. Policymakers thus need to develop long term prudent plans 
which take into account the convergence of both the price increase of commodities 
and innovative technologies for material recycling and substitution. They will also 
have to ensure access to critical minerals via stockpiling, as is already done with 
oil. Moreover, research should be promoted to tackle multi-dimensional resource 
dependency. 

In addition to the aforementioned facts, one must also understand that the 
Earth’s crust is not element scarce per se (Kesler, 2010). Rather it is the con- 
centrated mineral deposits, exploitable from both an economic and environmental 
perspective, that are scarce. Such deposits only constitute about 0.001% of the 
crustal mass (Sec. 10.3.3). Subsequently, material scarcity should not be contem- 
plated solely from a Malthusian perspective but rather it should be linked to the 
law of diminishing returns. The best quality ore grades and those closest to the 
surface, the low hanging fruits, so to speak, have already been cherry picked leaving 
behind only the sub-optimal ones. Ever increasing use of powerful machinery has 
however enabled ever lower quality grades to become commercially viable, or even 
physically obtainable. There is no reason to doubt that future technology will not 
continue to push boundaries and as Kooroshy et al. (2009) comment: “a century 
of developing increasingly high-powered and automated earth-moving technology 
has resulted in a 90-fold increase of the rate at which industry can displace solid 
rock formations”. Thus any problem will, as in the past, revolve around energy 
availability for the exploitation of ever decreasing ore grades. This will entail more 
energy intensive beneficiation and metallurgical operations. The energy needed to 
transport minerals will also play an important role as extraction steadily occurs in 
ever more remote corners of the globe. At the same time new developments within 
the mining sector will entail a consumption of high-tech materials which in turn 
carry their own energy costs. 

So geological scarcity does not truly exist although there has been at certain 
points over the last 120 years key supply issues for some commodities. The question 
now therefore is whether from a supply point of view, geological availability should 
or should not concern society. 

Yes it should because if the entire periodic table is used, each element could 
constitute a practically independent supply issue which is likely to accentuate into 
the future. Also, as thoroughly explained in this book, the Second Law holds that 
any process beginning with the extraction of a concentrated mineral resource and 
ending in its dispersal is irreversible. Accordingly, reverting this process on a global 


See for calculations, http : //en.wikipedia.org/wiki/Doubling_time. Accessed Sept. 2013. 
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scale would require huge quantities of energy, meaning that it is nothing more 
than theoretically possible to reconvert disperse and chemically degraded minerals 
into new mines. Therefore, absolutely replacing elements globally is really a non- 
starter”. Full stop. Then the only reasonable alternative is pushing for recycling or 
continuously scouring the globe for concentrated minerals. These can be broadly 
classified into reserves and resources on the basis of their geological certainty and the 
ability to exploit them based on the current technological and economic conditions. 
Focusing on reserves, they diminish upon exploitation and grow upon exploration. 
They vary but can be accounted for. Mineral resources meanwhile, whilst fixed, 
are difficult to evaluate and probably unaccountable. This incertitude makes it 
difficult to ascertain the extent of a potential geologically based supply issue. The 
application of exergy can however shed some light by quantifying the tonnage and 
grade of geologically known deposits. For their quantification, one has to do nothing 
more than obtain annual extraction, mineral composition and concentration data? 
and then calculate the corresponding exergies. These show that independently of 
reserves, resources can only ever diminish. 

Commercial availability presents a different reality. It can increase for various 
reasons, not only due to further extraction. It is also subject to recycling, substitu- 
tion techniques and regulation and is a non-linear function of all the externalities 
that govern markets. Markets are only interested in the price of raw materials and 
they tend to externalise all possible costs. Amongst others, the price of raw materi- 
als is a function of the effort and time spent to obtain them and the value (use) one 
gives to them. The market almost intuitively raises its prices in response to scarcity. 
Such scarcity does not have to be geological in nature. In fact it could have more 
to do with circumstances or reflect unrealistic expectations. In this way, whilst ore 
grades have continued to decrease, the price of raw materials since 1980 dropped 
only to shoot up again in 2002, as occurred in the 1970-80 oil crisis (Kooroshy et al., 
2009). That said, markets are not isolated from geological aspects. Should a new 
mine, for example, be located in a remote or extreme place such as deep beneath 
the Earth’s crust or in the greater depths of the ocean, the price of the mined 
material will be high. On the contrary innovations in recycling, substitution and 
miniaturisation will tend to lower it. These two increasingly overlap as extraction 
velocity speeds up. 


2This does not contradict the idea of using replacement costs as an accounting method in order 
to give a value to scarcity. 

3In the same way, one can measure the environmental impact generated by mineral exploitation, 
in terms of the amount of rock removed, GHG emissions, water used, land occupied, ecosystems 
destroyed and number of people displaced, etc. 
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Yet if the world’s markets are only a reality of the “here and now” the conser- 
vation of minerals and their future applications for use in the coming generations 
seemingly plays no part. Vulnerable communities* and local ecosystems that fall 
victim to Man’s unsatisfiable mineral demands also have little or no say. Indeed as 
stated by von Weizsacker et al. (2009): 


“Markets are superb at steering an efficient allocation of resources and stimulat- 
ing innovation, but they don’t provide public order and law, moral standards, 
basic education, and infrastructures, and markets are miserably inefficient, often 
even counterproductive, when it comes to protecting the commons and steering 
innovation into a long term sustainable direction. Human societies, and the envi- 
ronment, will need a healthy balance between public and private goods or between 
the state and the markets”. 


The problem of geological scarcity and the damaged caused by extraction is 
evidently an element that falls outside much of the geopolitical debate. Mainstream 
debate on resources often centres around energy or water both of which are one 
dimensional whilst minerals are multidimensional. This can be seen by the fact that 
energy, for example, can be obtained in many forms with its use subject to whether 
the source (water, wind, gas, etc) is available at the time. Mineral substitution is 
in comparison somewhat limited, if not impossible - as is the case for phosphorous 
- something which governments have only just started to perceive as a complex 
challenge. 

Easier to understand, is the relationship between the price of energy and prime 
materials. Kooroshy et al. (2009) analysed a correlation between a historical series 
of data from the 1970s of the average price of two commodities: oil and non-fuel 
minerals. The result obtained was 0.77, which indicates a very strong correlation. If 
one considers oil to be a good proxy for global energy prices, the somewhat evident 
qualitative expression is supported and quantified. This empirical confirmation is 
a phenomenon that has been comprehensively described throughout this book. 

Taking into account this connection and also the one that exists between accel- 
erated global warming and an exponential consumption of fossil fuels and non-fuel 
minerals, one can testify as to the truth of the following statement: “Materials, 
both in terms of quantity and quality, constitute an essential role in the future of 
the planet. And, whilst the future planetary climate will affect the water, energy 
and material resources, the use and management of minerals will likewise affect the 
magnitude and speed of climate change. This is, in no uncertain terms, a synergetic 
process which ultimately leads humanity down the path of Thanatia”. In this way, 
Thanatia would become the convergence point of all resource shortages, which is 
why the authors associate it with the commercial end of the planet. 

To lengthen the path, one must take decisive action. This should not only be 


4Including and especially those that fall under the natural resources curse. The natural resources 
curse speaks about those countries that despite having an abundance of non-renewable resources 
have limited or stagnated economic growth than those that have fewer. 
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responsive to the whims of economics because only in the very “long” term does 
it objectively project geological scarcity. Moreover, in the history of humanity no 
single currency has survived beyond the society that created it. Thus the vision 
that feeds the economy whilst necessary is limited. In contrast, the physical laws 
are not bound by history or any human factor. In that sense it is better to use 
objective physical methods to gauge the exhaustion rate of each and every one of 
the materials described in this book. Once governments and their people are aware 
of exhaustion, they need to determine how and to what extent they should act, i.e. 
should they counteract it, slow it down or just ignore it? 

As the degradation of the ecosystems and the mineral crust can only naturally 
regenerate with time - something which is infinitely greater than the life of any hu- 
man being or even human civilisation, striving towards a societal model founded on 
replacement is a naive notion. It is more an accounting concept than an attainable 
reality, given that it would never occur to anyone to pick up the pieces of a broken 
glass to make it whole again. This is because, as explained earlier, technologically 
returning from the grave is extremely difficult and energy intensive. And, more 
often than not, somewhat paradoxically, it serves to shorten rather than lengthen 
the path towards Thanatia. In reality, any form of counteraction via replacement 
is only considered when the degradation velocity of life support systems becomes 
so intense that it begins to seriously affect living beings. 

Ignoring is never an option. Some effects don’t wait for tomorrow. They can 
be felt and suffered today. It is therefore increasingly imperative to reflect on 
the transition towards a new society which protects its natural resources. In any 
case, the key to slowing down the hands of the clock is resource efficiency. Such a 
term lends itself to the minimalist approach to natural resource use, extraction and 
environmental impact. In this regard all nations should become more conscious of 
the problem faced by all global citizens. In that respect, the European Commission 
launched a Manifesto on 17th December 2012, calling for a more efficient European 
society as shown in (EC, 2012). 

It is not the consumption of fossil fuels which is the issue but rather the squander- 
ing of resources upon which humanity is established: the water, mineral resources, 
clean air, space and biodiversity, 7.e. all natural resources that are now appropri- 
ated by modern society. Indeed, putting the brakes on the machine of destruction 
should become an urgent matter. 


15.3 Putting the brake on Gaia’s evolution towards Thanatia 


According to the principle of maximum power, all natural species constitute an open 
thermodynamic system and organise themselves, in such a way that they will try 
to reproduce indefinitely or at least until reaching the planetary limit to sustain life 
(Odum, 1995a). Should Gaia’s threshold be surpassed, a catastrophe will trigger 
a sudden decline in the population that can no longer be supported. Lovelock 
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(2006) warns in The Revenge of Gaia that the loss of rainforests and subsequently 
biodiversity, coupled with an increase in GHGs and the thermal expansion of oceans 
is driving the planet past its shock absorbing capacity (see Sec. 10.2.2). In short, 
if humanity does not act quickly, by the middle of this century, the Earth will 
return to its previously inhabitable state. Ward (2009) goes further with his Medea 
hypothesis stating that it is life itself which presents the greatest threat to life. Past 
extinctions serve as a warning and in his opinion it is only a matter before they 
are replicated. Under this hypothesis, there is no “Mother Earth” and there is no 
harmony, only avid destruction. 

However, an intelligent management of resources and a deeper understanding of 
the interconnections that exist between them could be used to mitigate or extend 
into the future any impending doomsday event. The key word here is could as 
intelligence is sadly not always used when it should be. Indeed, society is frequently 
extracting irreplaceable resources, leaving holes in the ground, where rich mineral 
deposits once laid and little more than roots and bare soil, where lines of trees once 
stood. Such examples serve to illustrate the finite nature of the geobiosphere. Yet 
the predatory nature of the human species holds no bounds and recognises little 
more but the economic motto of “bigger is better”. Greed then serves to further 
accelerate the living planet’s degradation towards Thanatia. 

Thanatia is the personification of non-violent death and presents, in contrast to 
either Gaia or Medea, the least devastating extinction possible. It depicts death as 
an exhaustion of marketable planetary resources. Whilst one can never truly predict 
when this commercial end will occur, to deny it completely would be a failure to 
accept the irrevocable passing of time. Even if one admits that the clock 7s ticking, 
the speed at which it ticks is equally important. And to ascertain that one must 
have a reference point and a unit with which to measure planetary deterioration. 
This is in effect what Thanatia and exergy do. As Lord Kelvin stated: “When you 
can measure what you are speaking about, and express it in numbers, you know 
something about it, but when you cannot express it in numbers, your knowledge is 
of a meagre and unsatisfactory kind” (Thomson, 1883). 

Time is of the essence, as the scarcest resource known to Man. Society over 
time, in chasing “wellbeing” through the scouring for natural resources, has wanted 
nothing more but to adapt and modify the planet according to a momentary whim. 
Yet welfare cannot be linked to growth if it entails the mass use of exhaustible ma- 
terials. Man’s existence cannot be about the pillaging of ever scarcer resources, the 
contamination of the planetary nest and the idea of prey versus predator. Indeed, 
human beings, a species blessed with intelligence should use it to avoid taking (pre- 
dating) more than strictly necessary. Yet it is only now into the 21st century that 
society is beginning to realise just how destructive this kind of thinking has been. 
It is also finally starting to understand that fundamentally respecting other living 
beings (and even non-living things) is essential to success. Arguably, human inge- 
nuity has led the species to push too far too quickly. Whilst it is difficult to know 


The Challenge of Resource Depletion 457 


when “too far” is too far, especially if one tries hard to avoid talking about limits, 
denying their existence is a failure to appreciate and accept reality. Intelligence put 
into practice is really innovation which remains steadfast in its attempts to create 
ingenious ideas and practices that support survival. 

In short a balance must be found. Life is not all about competing but also 
a question of cooperating and sharing. Beyond this is the need to generate and 
strengthen symbiotic relationships such as those that exist between algae and lichen. 

After having abused the word “sustainable” there is a need to return to its true 
meaning: survival. In French sustainable development (développement durable) can 
be translated into English as “durable development”. Durable is the key and really 
refers to taking only what can endure i.e. solely that which is needed to survive. 
Survival means coexisting in harmony with the other components and people that 
compose the planetary environment. 


15.4 Meeting the challenge 


To obtain an adequate vision of the planetary environment and resource manage- 
ment, it becomes necessary to contrast the economist’s viewpoint with that of the 
thermodynamist’s. In the same way that resource intensity is defined as the amount 
of resource used per monetary unit obtained, planetary resource intensity could be 
used as an indicator as to society’s efficiency in protecting the Earth’s precious re- 
sources. Thanatia and the Crepuscular Earth Model should help provide a baseline 
calculation. 

A true understanding of any such indicator should lead to an enhancement of 
resource management policies and practices. It could also help to generate solutions 
which currently lie outside the immediate global agenda and thus fail to address 
some of the world’s most pressing issues. Possible ways to overcome some of the 
issues relating to resource depletion include: 


(1) The creation of an integral dialogue between the economics of Man and that of 
Nature. 

(2) Increase the level of understanding as to the interdependicies that exist between 
various resources and their effects on sustainability. 

(3) Impress upon the need for global remediation and maintenance. 


All three support Robert Solow’s statement that: 


It would be a real achievement if it were to become a commonplace that capital 
assets, natural assets, and environmental assets were equally “real” and subject 
to the same scale of values, indeed the same bookkeeping conventions. Deeper 
ways of thinking might be affected. (Solow, 1992) 


To this, the authors would also like to add the idea of “knowledge assets”. 
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15.4.1 The Earth cannot be subject to the economics of Man 


Human beings undertake all their activities on the outer crust and the surrounding 
atmosphere, converting the geological and biological materials they have been be- 
stowed into commercial products ready for entry onto the world’s markets. Hence, 
global wealth is fundamentally obtained in the exploration, extraction and manip- 
ulation of natural resources. In fact, many see wealth as a proxy of wellbeing and 
measure it in terms of GDP. However, they fail to see that this gain in wealth pro- 
duces an unreasonable cost, down the rainbow, ultimately causing the destruction 
of Nature’s resource endowment. 

Thus, in many respects, it is the economy, having replaced biology and geology, 
which has come to act as the prime mover. The Earth is thus a planet dominated by 
the economics of Man, not Nature. This aside, the economy is still restricted by the 
physical laws as no amount of clever accounting can ever bend them. As such there 
is a real need to ensure that Man’s actions are compatible with Nature’s creations. 
The latter can be explained through Thermodynamics with a deeper understanding 
serving to move mankind in the direction of harmony. However, this paradigm shift 
is not free of difficulties, as in the authors view, Economics radically differs from 
Thermodynamics on three important points: 


e The quantitative finitude of resources. 
e The qualitative finitude of resources. 
e The time spans applied. 


15.4.1.1 Limited vs. unlimited resources 


The first difference is the fact that the basis of Economics is growth whilst the 
foundations of Thermodynamics lie in the First and Second Laws. Such laws serve 
to invalidate any form of growth based on finite resources simply because the planet 
is not big enough to supply all the materials needed for each generation’s unbound 
ambitions. 

To illustrate this point, suppose a closed and isolated system in which neither 
mass nor energy can escape such as the spaceship proposed by Boulding (1966). Here 
the system will evolve until its entropy cannot grow any further. An intelligent being 
living in such a place would use all resources skillfully to prolong his or her survival. 
Breathing efficiency would be improved in order to consume the optimal amount of 
oxygen. An awareness in the use of non-degraded resources would develop sharply. 
The recycling of substances (water, for instance) would become an increasingly 
essential task. However since recycling consumes energy, it also depletes stocks; 
meaning one needs to analyse the optimal conditions and procedures for extending 
life: via further reduce, reuse, recycle or in the drawing of new energy stocks. 

Earth however, in contrast to a spacecraft, is not an energy system isolated 
from the outside and obviously its analysis is rather more complex. Here as with 
the spaceship, human beings need freshwater to live, concentrated materials and 
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a complex environment in which to move and act. The only thermodynamically 
possible way for human beings to survive indefinitely is to live on the sun’s radiation 
(or from other allogeneic sources such as fusion energy). In addition, although 
dispersed materials could, in theory, be concentrated by the sun, they are not®. 

The removal of materials or the occupation of the living space of other neigh- 
bouring creatures cannot be therefore unlimited, independently of the knowledge 
acquired in undertaking a sound management of resources. Growth must be con- 
fined and thus is not and must never be seen as the only means of survival. This is 
because demanding even a “modest” growth of 2% annually, means that within 35 
years society will be claiming double than it does today. And, if this exponential 
rate continues, an eight-fold extraction will occur in just over a century (105 years). 

Even in the slightly better scenario of a stabilised demand, there is a second 
exponential relationship to consider: the declining ore grades in geological deposits, 
represented by degradation curves. Here, every subsequently extracted tonne re- 
quires more energy and causes a far greater environmental impact than the previous 
one. Again, if the energy required to extract a particular mineral also grew by 2% 
annually, after 35 years that quantity would duplicate. The same applies to water 
consumption or the sociological impact of extraction (which could include wars and 
conflicts). Opportunely, there is a hope that technology could mitigate some of 
these effects, at least to some undetermined degree. Notwithstanding, any tech- 
nological advances (depicted by the technological learning curves) need to develop 
quickly in order to compensate the combined exponential effect of lowering ore 
grades and increased consumption. Yet given the fact that the mining sector has 
not changed much since the Industrial Revolution, the authors cannot foresee the 
radically sought after improvements. 

Any decisions affecting the environment must thus be based on the management 
of scarce physical resources. In this respect, some questions arise: who is to account 
for non-renewable resource consumption or the purifying of air or water? How 
to establish national and global accounting systems with which to evaluate and 
manage environmental degradation: the dispersion of minerals or the burning of 
fossil fuels? How to assign monetary units to replace, with current technology, the 
biotic and abiotic materials which are taken? The simple answer is that no amount 
of money can ever bring back that which was plundered. Yet with each progressive 
generation an increase in knowledge should help facilitate a (more alike) efficient 
and conservative use of resources. Money is generated out of a sense of debt which 
someone agrees to pay at the expense of revenues for future work. But Nature knows 
nothing of money, only of action and reaction. So, one can only use money to pay a 
person to restore, to the best of their ability, everything that has been destroyed. If 
such work entails an average ecological footprint, it follows that each acquired debt 
has an ecological rucksack as certain as the commitment needed to pay back the 


5If dispersed materials were solely recycled with the external power of the sun, life on Earth 
would thermodynamically be feasible, at least until the end of the star. 
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debt. If the capacity for assuming debt is limitless, money does not become a scarce 
commodity and consequently the conventional economy as originally understood: 
“oikonomos”, meaning “household management” or “the management of scarcity” has 
been lost in translation. Therefore, any units of measure used for a true evaluation 
of scarcity should be physically rooted, so that they cannot be altered in response 
to either inflation or a monetary revaluation. 

Thus for reasons relating to survival, Thermodynamics should play a core role 
in the economics of the future, with the latter heeding to the laws of the former by 
managing and depicting wealth appropriately. This would be in sharp contrast to 
the current way of describing it, solely in terms of activities that generate monetary 
capital, even if they prove damaging to the planet. 


15.4.1.2 The substitution issue 


The second difference between Economics and Thermodynamics relates to the vari- 
ety of resources that exist coupled with the issue of substitution. The substitution 
of materials, unlike that of energy or even money is limited and case specific. This 
is because whilst the quality (but not quantity or continuity) of an energy supply 
is independent of its source, given that any type can be used to create heat and/or 
work, chemical elements (with some radioactive exceptions) cannot be transformed 
into another neighbouring element of the periodic table. Likewise, the thermody- 
namic quality of a given material depends on its constituent elements and atomic 
structure. Thus, when one looks to substitute one material for another it is impor- 
tant to maintain the macroscopic properties, even if the exact composition should 
change. Consequently, the potential for substituting one member of the periodic 
table with another can range from viable to impossible, with a sea of uncertainty 
in between. Any replacement will be a matter of some gains at the expense of some 
losses with the final decision governed by price. Furthermore, whilst energy can be 
derived from various sources only to be converted into one, exergy, materials come 
from a multitude of sources and can be transformed into a myriad of products with 
an infinite number of combinations which in turn produce an infinite number of dif- 
ferent properties. Today mankind uses almost all the elements of the periodic table 
in ever-increasing amounts and complex compositions. Some of these may create 
an absence (phosphorus) or excess (carbon dioxide) in the natural environment, 
leading to unforeseen and potentially devastating consequences. The problem of 
shortage of materials is alas not a one-dimensional problem. 

Consequently, it becomes extremely important to manage the planet’s provision 
of mineral resources appropriately. As explained in Sec. 9.3, every time one chooses 
to mix a substance, oxidise or even disperse it, entropy is produced. And, the greater 
the entropy, the greater the quantity and quality required to bring a substance back 
to its original state and/or initial conditions. This degradation, accelerated by Man 
is of geologic magnitude and nothing, not even the sun can hope to undo it. Firstly, 
the repository effects of meteorisation, as produced by the sun upon the Earth’s 


The Challenge of Resource Depletion 461 


crust needs a length of time that humans cannot afford. Secondly, Man is unable 
with his own tools to make a substantial difference as no technology, no matter how 
far into the distant future can ultimately contravene the Second Law. 


15.4.1.3 Long vs. short term thinking 


The third difference between Economics and Thermodynamics is the timeframe 
considered. When a raw material supply crisis occurs, the conventional economic 
response is a steep price increase in the short term, investment and international 
agreements in the medium and an avocation of research and technology with which 
to resolve issues into the long term. But the concept of time, even the so-called 
“long term” thinking of the economist, is much shorter than that considered by 
practitioners of Biology, Geology or Thermodynamics. 

The natural rhythms of biological and geological change with amplitudes mea- 
sured in millions of years have been accelerated by Man. Fortunately, in a matter of 
only a few centuries, the sun (the greatest source of the Solar System’s energy), will 
of its own accord, restore the natural cycles which have been consecutively damaged 
in the building of civilisation. Mankind will always need food, defend itself from the 
elements, reproduce, move and communicate. All of which demands the transfor- 
mation of materials, energy, water and environment into artifacts. Such processes 
entail an irreversible exergy loss. And if the 7-8 billion people alive today or in the 
near future command more equity to reduce conflicts, this means yet further exergy 
expenditures. 

Therefore all physical activities are linked to irreversibility with the greater the 
irreversibility, the faster the arrow of time shortens. On a finite planet, any activity, 
however minor, is connected to entropic degradation through climate change, deple- 
tion of non-renewable resources, or the alteration and displacement of the natural 
environment. All are subject to the Second Law and, even though it may be difficult 
to assess due to a lack of reliable data, one can be certain that the accounting of 
such phenomena can be achieved using exergy. This is because exergy, although 
difficult to calculate and not always easily interpretable, is not a mere indicator but 
a physical property measurable in SI units, once a reference baseline for the planet 
has been defined. 


15.4.2 Understanding the complexity of the natural web 


The fundamental ecological principle of connectedness first put forward by Com- 
moner (1971) is that “everything is connected with everything else”. In this way, 
access to natural resources such as land, water, energy and mineral resources are all 
interrelated. Their loss, dissipation and degradation caused by development repre- 
sent the darkest side of technological innovation. This is an irreversible course with 
no net winner but with one net loser: Nature. 
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Despite this, in the current scientific paradigm, these linkages remain often un- 
noticed and vary depending on the exact model adopted. As a result, experts of 
a particular resource habitually alarm others as to its scarcity, putting it in the 
context of the affected ecosystem or urban environment but without considering 
the side effects caused to other resources. The energy specialists, for example, will 
speak of the growing difficulty in accessing fossil fuels, their impact, once burnt, 
on air quality and their contribution to global warming. Equally, hydrologists will 
discuss water related issues and the effect that abstraction has on water quantity 
and quality on the few remaining non-altered freshwater systems. The effect of 
mankind’s activities in terms of food miles or ecological footprint hectares has also 
been stated. And, most recently science has entered into the discussion of mineral 
scarcity. 


Yet and worth reiterating, it is not only a question of the exponential intensi- 
fication of a particular commodity per se because its access is increasingly costly 
in terms of other resources. Experts should thus not treat induced consumption 
of other resources as externalities but as part of the problem. This would lead to 
a more holistic view of the side-effects. To take the energy sector as an example, 
shale gas demands huge quantities of water, whilst biofuels (and in general food) 
require large areas for their production along with copious water supplies. The 
combined demand for water will result in its eventual abstraction from salty and 
brackish sources, for which an input of energy, typically fossil fuels, is needed and 


hence the cyclic connection. An empirical case indicative of such kinds of resource 
linkages (and the need to research them further) is that developed by Kooroshy 
et al. (2009), who as explained above, analysed the correlation between the price 
of crude oil and that of the average mineral prices. Their 0.77 correlation places 
beyond doubt the existence of a link between both. Yet unfortunately, despite this 
qualitative recognition, there remains few quantifications explaining their degree of 
intricacy (van der Voet et al., 2009). 

Speaking of fossil fuels, the debate of fossil fuels vs renewable energies provides a 
clear example of the fact that interlinkages are seen on a one dimensional plane and 
only superficially taken into account t.e. if the use of fossil fuels seriously affects 
climate change, a transition to renewable energy solutions is needed. For many 
this is a case of full stop. Period. Yet, as explained in Chap. 1, any development 
of a renewable sector demands special metals (scarce, dispersed and/or precious) 
on a massive scale. Such metals are key components in the ICTs which provide 
intelligence in controlling intermittent energy sources. They are also responsible 
for the optimisation of solar energy, given that they are capable of collecting direct 
and indirect dispersed light. Furthermore, any transition to renewable energies will 
necessitate an intensive use of electricity and electrochemistry, which in turn are 
processes that generally require very high temperatures. Such temperatures are 
difficult to achieve by using biomass, geothermal or solar concentration processes 
alone. Energy storage, distribution, conversion and metal extraction and recovery, 
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that the infrastructure relies on, not just energy production, will become more 
electricity intensive into the future - potentially forcing the extraction of minor 
metals from every corner of the globe. If this happens, the international treaties 
protecting the Arctic and Antarctic regions, virgin tropical and boreal forests, the 
oceans and progressive crustal depths will sooner or later be torn up. Any low 
grade mine is also likely to be opened or re-opened. Declining ore grades will in 
turn demand, amongst other resources, more water and more effort. For every 
tonne of useful material sent to market there will be an escalating quantity of waste 
rock. Larger quantities of energy per tonne of mineral extracted will also need to 
be provided. Such activities imply a greater environmental impact and a heavier 
burden on local, often vulnerable, populations. 

Therefore, the attainment of a low carbon society and green economy (Sec. 1.4) 
fuelled by renewables means more than the “nice idea” of erecting a few turbines in 
the rural landscape or putting more hybrid cars on roads. It takes planning, policy 
and a paradigm shift in the way people think about and use energy, metallurgy and 
chemistry. 

Any connections, whether between land, water, energy or mineral resources, are 
likely to get progressively stronger into the future. For this reason, an indicator 
used to measure energy source profitability such as the energy return on investment 
(EROI)® an never be sufficient - for one cannot look at issues solely in terms of 
money. Instead modern society must begin to consider a myriad of parameters 
including energy return on water investment, or energy return on material or land 
investment, etc. 

Another important consideration in a comprehensive analysis of linkages is the 
global rebound effect. This can be explained using a shift in EU politics as an 
example, whereby a resource saving directive would result in a lower consumption 
of materials across the continent but a reduction in global market price. This 
reduction in price would in turn permit greater accessibility to resources, especially 
for the poorer regions of the globe and would effectively mean that whilst European 
demand decreases, the overall global demand does not with more people than ever 
(potentially) buying and using more resources. Another clear cut example is the 
proliferation of mobile and smartphone technology, which having saved investments 
in telephone lines, not to mention large quantities of copper, has triggered a high 
impact consumption of critical metals including gold, indium and tantalum’. 

Efficiency measures alone are thus not the solution if they do not come accom- 
panied by a progressive increase in price, with which to compensate (weaken) the 
rebound effect. Any price increase associated with raw materials must be directed 
to the right cause - it must not be allowed to enter into the balance sheets of those 
companies or governments that exploit minerals. On the contrary, extra funds 


SEROI is the ratio of the amount of usable energy acquired from a particular energy resource to 
the amount of energy expended to obtain that energy resource. 

7The darkest side of such extraction can be evidenced in the socio-political tension experienced 
by some of the world’s most remote and vulnerable communities. 
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should be placed into Nature’s account, in order to repair and replace the natural 
capital which has been taken. This is because Nature’s reparation, the sun, is never 
given sufficient time to reinvigorate ecosystems and minerals, even if its exergy is 
sufficient to do so. 

In a planet that virtually “shrinks” (as year by year the human population and 
its desires grow), it is no longer the case of solely one effect linked to a single linear 
cause but instead multiple causes leading to a myriad of effects. Man has long 
surpassed the limits of linear behaviour and “his” decisions affect the causes triggered 
by those very decisions. Furthermore, history influences the future. Systems show 
a recursive behaviour that is modified by past actions, which are subject to ever 
changing political decisions. In this respect, sustainability is extremely complex 
with its dynamics influencing social norms, values and beliefs, ecosystems, climate, 
water and the crust. This field, perhaps more than any other, can affect the future 
availability of resources and the technological development of the machines and 
practices used to extract them. Accordingly, cybernetic models to understand the 
behaviour of industrial society against resource demand, should be subjected to 
recursivity and reflexivity®. 

Future scenario models should be fractals with any generated information 
checked and crossed referenced with an immense database. Just establishing a body 
of scientists to harmonise any existing databases, identify the most adequate indi- 
cators and develop the necessary models and methodologies would however present 
an unprecedented large scale international effort and commitment (van der Voet 
and Graedel, 2010). The need for interdisciplinary research in this field (given that 
a multitude of skills and knowledge bases are touched) is not only enormous but 
urgent, especially if one is to provide society with sufficient warning so as to avoid 
impending catastrophe. 


15.4.3. Maintenance as the key to resource preservation 


Mankind is in a state of reactive or corrective maintenance®, where very few actions 
are taken until natural systems fail. This state is reflected in the fact that society 
does not feel the need to care for the planet in the sense of repairing and replace- 
ment, since the majority do not believe that major disruptions could occur. This 
has an apparent advantage; neither people nor money are expended until a problem 
appears. Inopportunely, as everything is connected with everything else, any prob- 
lem generates a chain of new and unexpected events which complicate and make 
corrections insurmountable costly. Worse though, the Earth has no instructions 


8 According to Umpleby (2007), “Reflexivity occurs in social systems whereby an actor observes 
and thinks about his or her actions and their consequences and then modifies his or her behaviour 
accordingly”. 

9For more information on reactive or corrective maintenance see for instance: http 
//per formancealliance.org/Portals/4/Documents/Committees/NonResQM/OM _5.pdf. Ac- 
cessed May, 2013. 
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manual and hence society generally ignores as to how to repair damage. Should it 
emerge, any form of compensation is given to communities or individual people not 
to Nature, which is seemingly always expected to repair herself. 

Man has learnt throughout history how Nature behaves and how “she” can be 
manipulated. Many forces have been mastered but others still remain untamed. In 
any case society may always struggle to protect itself from extreme weather and the 
consequences it causes such as floods and droughts. It is less likely to be able to 
dictate volcanoes and earthquakes. Yet, it is a matter of knowledge and technology. 

That said, towards the middle of the last century the technological learning curve 
of the Man-Nature interaction approached a more stable state. This in turn yielded 
societal satisfaction and optimism which then progressively promoted further ex- 
traction and the unquenchable desire for more and more resources. It represented 
a period of somewhat blind trust as to the power of technology. For Man, for the 
most part, remained oblivious to depredating forces, thought to be “minor” or at 
least not so evident. 

However, in contrast to the technological learning curve that increases slowly and 
progressively stabilises before falling, the degradation curve climbs exponentially. 
At the beginning, growth is inappreciable but the energy needed to maintain it 
rapidly duplicates. Furthermore, if most of this energy is obtained from the crust 
and hydrosphere, rather than from the sun, the curve becomes doubly exponential 
and disruptions and catastrophes may suddenly accumulate. The degradation curve 
is therefore rapidly winning the race. The world’s climate is changing irreversibly; 
air, rivers and oceans are being gradually more polluted; forests disappearing in only 
the course of decades; mining is all the more evasive, deeper, remote and resource 
intensive. 

Of all international bodies, it is the International Panel for Climate Change! 
(IPCC) which has undertaken the greatest effort in the assessment of scientific, tech- 
nical and socio-economic information, with which to build a quantitative picture of 
that devastation, focusing on human-induced climate change. Its reports system- 
atically analyse impacts on the atmosphere, the Earth’s surface, the ocean and 
the cryosphere. It analyses the pathways for mitigating global warming by study- 
ing production, consumption and trade patterns. Additionally, the IPCC performs 
projections on energy systems, transport, buildings and human settlements, indus- 
try and agriculture and leads the call for sustainability. The IPCC thus strongly 
advocates the intensive use of renewable energies combined with sustainable con- 
sumption. 

Yet, in centering its attention only on the causes, effects, forecasts and policies 
relating to climate change, the issues associated with mineral exploitation are either 
ignored or only looked at on face value!!. The use and management of mineral 


10See http : //www.ipec.ch/. Accessed Jan. 2014. 

11In fact, as demonstrated by the authors in Valero and Valero D. (2011), the IPCC’s emission 
scenarios in its Third Assessment Report imply that the assumed amount of conventional fuel 
resources are up to twice as much the current available ones, what is very unlikely even if more 
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resources also count in the future and whereas climate change is deeply related to 
the intensive use of fossil fuels, the Man-planet evolution is deeply related to the 
intense utilisation of all minerals, and the use and management of both abiotic 
and biotic resources generally. The IPCC recommendations for adaptation and 
mitigation measures are therefore, whilst very necessary, not sufficient. 

That said, the IPCC quite rightly identifies the challenging coordination that 
needs to occur across the political, economic and technological spheres in order 
to mitigate disaster. To that effect, the authors’ opinion is that the only way 
to radically eliminate catastrophic failures would be via predictive maintenance. 
Maintenance of the “Man-Gaia machine” can thus be used as a metaphor in the 
sense of including maintenance strategies to reduce planet deterioration. 

The Webster dictionary defines maintenance as “the activity of keeping some- 
thing in a satisfactory condition”. According to such a definition, maintenance is 
thus an activity, rather than an analysis. Moreover, it is the act of keeping some- 
thing, which in turn means to take care of, or defend it, or to ensure that it remains 
in a given condition. In other words, it describes conservation in action, repairing 
from degradation, taking records and identifying failures. Yet an extended definition 
as to what a “satisfactory condition” really entails needs to be sort. 

Detecting, precluding and mitigating degradation as occurs in preventive main- 
tenance states should be prioritised, as opposed to either reactive or corrective 
maintenance, where action is only taken following failure. The spaceship of Bould- 
ing (1966), referred to earlier in Sec. 15.4.1.1, requires preventive maintenance just 
like a vessel in the ocean. In this way, the system becomes more resilient and 
long lasting. The human-geosphere interaction likewise is prolonged by controlling 
degradation to reasonable limits. Forecasts serve to limit unpredictability whilst 
heightening the resilience of the system which improves notably as economic and 
environmental costs decrease. They can also reasonably diagnose cause and effect 
relationships and support the adoption of actions accordingly. Yet even if fore- 
casts are to improve, by including the most sophisticated models which tackle data 
clusters by the millions, the future remains essentially unpredictable. Indeed, it is 
quite possible that Nature’s conservation only ever reaches some kind of adaptive 
maintenance, since the scope of problems are multidimensional and multiregional 
and there will always be an absence of certainty. This is because in contrast to 
a manmade linear system, the Man-planet is a chaotic system. And, in this dy- 
namic the “butterfly effect”, i.e. the sensitive dependence on initial conditions, will 
always impede deterministic futures. Notwithstanding, mankind will always crave 
more knowledge and technological advances, which in turn require investments. Ev- 
idently, technological development needs ethics and management. Man also needs 
a better policy framework, which should comprise, at least, a global management 
of resources and an understanding of the linkages of resource use through time. 
The maintenance metaphor of the non-linear behaviour of the Man-planet system 


resources are to be found in the future. 
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must also become compulsory. All these measures should in turn be supported by 
exhaustive international agreements including global governance. 

The exhaustion of the planet is still in its dawn, but if no preventive maintenance 
is rapidly undertaken, humanity is at risk of reaching dusk (Thanatia) and fading 
into its technological zenith. 


15.5 A Third Industrial Revolution? 


The Third Industrial Revolution as introduced by Rifkin et al. (2008) speaks of a 
new dawn where the convergence of renewable energies with ICTs will change the 
world, laying the groundwork for a post-carbon economy!?. As these authors state: 


‘We are at a precarious point in history. The global credit crisis is compounded 
by the global energy crisis and the global climate change crisis, creating what 
amounts to a potential cataclysm for human civilisation, unlike anything we’ve 
ever witnessed before. The three global crises are interwoven and feed off of each 
other. Addressing the triple threat to our way of life will require a new economic 
story that can remake civilization along sustainable lines.” 


Under the Third Industrial Revolution on and offshore wind energy will grow 
on an unprecedented scale worldwide, with not only bigger wind farms but more 
domestic uptakes. PV will become more competitive and final users will use and 
produce their own energy. New electricity networks will be created and will, as the 
Internet already has done, change the way companies and individuals operate. The 
deficient ways of storing energy will be no longer an obstacle as new batteries, new 
ultra-capacitors and pumped storage will optimise energy management. Control 
systems, power electronics, poly-generation systems, micro and nano-scale devices 
and a myriad of new converging technologies will change the Neolithic vision of 
renewables as mere auxiliary energy suppliers to the powerhouses that society des- 
perately desires. Virtual power plants, distributed generation and smart grids will 
become common place. Houses will approach zero energy balances. Electric cars 
fed by renewable electricity will slowly but surely replace conventional motorised 
forms. The agro-industry will play an increasingly important role in food security, 
chemicals and energy (poly-generation) in bio-factories. Small hydro, geothermal 
and energy from waves are also likely to be on the agenda. Different combinations 
of wind, solar thermoelectric, water pumping and storage will change the direction 


of river flows at Man’s convenience!®. 


12There are nonetheless pessimistic voices, including Hoffmann (2011) who argue that the figure 


f 0.77 kg/$ in 2008, meaning a 2% annual decline on the 1 kg/$ of 1980 would have to decrease 
30 fold (equating to a 11% decrease pa) to have a drastic decarbonising effect on society. 

’This vision is not so far from reality. In fact, the National Renewable Energy Laboratory 
NREL), recently published a report on Renewable Electricity Futures Study (RE Futures), that 
systematically analyses the conditions for meeting electricity demands of the continental United 
States using renewable energy over the next several decades until 2050 (Hand et al., 2012). 
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For converting this vision into reality, many things must however change. A 
sound management of mineral and biological world resources is needed. Any prof- 
ligate use of natural resources must cease. Simply ignoring the issue of material 
depletion in the name of future technological advancement is no longer an option, 
at best it is a badly thought out practice and policy, at worse the consequences are 
effectively beyond the mind’s imagination. Any bet for the future must be taken 
right now if one is to seriously combat the speed at which materials are experiencing 
entropic increase. This hand break turn must begin at a product conception and 
last throughout its entire useful life and onto its end-of-life. 

In this way, recycling technologies devoted to chemical recovery rather than 
mere physical separation become imperative. Eco-design for cutting resource use 
whilst also facilitating recycling, the provision of increasingly efficient components 
and systems integration through industrial symbiosis should also be developed in 
conjunction with renewable energy solutions (see Chap. 16). Industry must increas- 
ingly begin to understand and take responsibility for its role in society, its impact 
on the environment and its relations with other sectors. It must learn to close its 
material cycles whilst minimising its negative externalities and in doing so become 
an active source of innovation and employment. 

Finally, laws must adapt to social changes; barriers for development must be 
overcome and, above all, a new sense of equity and co-development among nations 
should run parallel to this progress. 


15.6 Summary of the chapter 


Society creates wellbeing through the mass use and depletion of planetary’s re- 
sources. Avoiding its collapse requires recognition of the finite nature of the Earth. 
It also equates to proper resource management. To that effect, a paradigm shift 
needs to occur. This can be accomplished upon considering the following: 

First, Nature should not be ruled by the economics of Man, ultimately meaning 
that 1) The unit of measure employed for resource use should be physically based 
and in this respect, Thermodynamics must play a prime role. Money, as opposed 
to exergy, does not reflect society’s true indebtedness towards Nature. Moreover, 
money is not an absolute and universal magnitude, as it is subject to both infla- 
tion and monetary revaluation. 2) Man needs to realise that the substitution of 
materials, unlike that of money or energy is limited and case specific. Therefore mi- 
neral resources management, policy and practice is essential. 3) Long term thinking 
should be embedded into the economic realm, as the effects of Man on Nature lie 
far outside the dimension of time, meaning that the current economic answers to 
the problem of scarcity are simply not good enough. 

Second, society should be aware that everything is connected with everything 
else and that these linkages are becoming progressively stronger with time. There- 
fore, any future scenarios and decisions adopted should be multidimensional because 
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access to natural resources such as land, water, energy and mineral resources are all 
interlinked. Moreover, it is of paramount importance to avoid rebound effects. A 
way to do it would be accompanying efficiency measures with progressive increases 
in commodity prices. Such extra funds could be used to repair and replace the 
natural capital which was taken. 

And third, preventive maintenance is the key to reduce planet deterioration. 
Corrective or reactive measures undertaken currently are insufficient and in some 
cases useless if and when natural disruptions occur. Thus it is necessary to an- 
ticipate eventual failings by conserving Nature appropriately. To that effect, more 
knowledge and technological advances are required. Future global policies need to 
include therapeutic maintenance to the planet Earth, as prescribed by physicians 
and engineers. 

All such considerations should be included in what could become known as the 
“Third Industrial Revolution”. This revolution is hoped to address the global credit 
crisis, the global energy crisis and the global climate change crisis, through the 
convergence of renewable energies with ICTs. Yet in order to achieve it, a sound 
management of world resources is needed, supported by exhaustive international 
agreements including global governance. 

In the following chapter, the authors explore the concrete measures as to how 
best accomplish the path towards “durable development”. 
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Chapter 16 


The Principles of Resource Efficiency 


16.1 Introduction 


Throughout the length and breadth of this book, the reader has seen that material 
savings imply energy and water savings which then results in the direct and indirect 
optimisation of resources. The reader has also been introduced to Thermodynamics 
and how through its laws and exergy derived concepts, material flows and degra- 
dation states can be measured. Consequently, a general theory applied to exergy 
savings is simultaneously one of energy, material and water minimisation, as first 
discussed by the authors in Valero et al. (1986) and later in Lozano and Valero 
(1993). 

This chapter explains the Principles of Resource Efficiency, which the au- 
thors have developed based on their energy and raw-material research undertaken 
throughout the last two decades. 

In this respect, it should be stated that a general theory does not allow for the 
understanding of the principle behind the practice nor the guidelines which govern 
material conservation. Whilst it is true that many have proposed solutions regarding 
material savings and recycling, focusing on those actions that policymakers and 
engineers can promote within their respective worlds, such solutions have not been 
sufficient. Indeed there must be an underlying societal attitude towards resource 
efficiency if things are really going to change. It can never be a question of leaving 
sole researchers to try and make a difference. Experts and laypeople alike must 
be guided within the boundaries of science and a code of ethical practice which 
converts good ideas into physical technologies and political frameworks that can 
bring energy savings and sustainability to members of all social strata. 


16.2 The necessity for a rational management of resources 
For the development of any inclusive sustainable society, a rational management of 
resources, whether biotic or abiotic, is required to ensure that everyone rightfully 


obtains a dignified standard of living. Yet this ultimately means additional resource 
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use with many using the average American’s consumption of several important com- 
modities (Sec. 1.2), as the yardstick. Dematerialisation’ within developed countries 
is far from being reached (Cleveland and Ruth, 1998) and if anything, is spreading 
to developing countries who tend to imitate and amplify the Western consumer 
lifestyle. 

But how can we in the West deny someone else’s right to a pleasant safe environ- 
ment, where they can move freely, shower when they desire, listen to music, watch 
television or speak to friends over a computer? And what to do about the energy, 
water and material demands associated with daily modern living: the clothes we 
wear and wash, the out of season food we taste, the cars we drive, the trips we make 
for business as much as leisure? Only a fraction of today’s population? has access 
to such luxuries and those who have, surely cannot forbid others from having them 
too. 

And what about our future generations? If there are seven billion people alive 
today, in three or four generations all those currently enjoying the planet’s resources 
will have died, a few of which will have squandered more than their fair share. Thus 
leaving those of the future with only one question on their lips, why? Why did you 
take more than was strictly necessary? Why did you decide to bring us into the 
present world but then not think of our future one, and since when did that become 
ok? 

The only way to prevent such questioning is to ensure that natural resources 
are used more efficiently in a world where everyone is aware of the consequences 
of not doing so. Resource efficiency cannot occur overnight but can be supported 
with a guiding set of principles. And with them, mankind can begin a walk towards 
sustainability. Such principles must combine the physical laws that dictate the 
Universe with those passed in legal courts. The latter, for obvious reasons, must 
show flexibility and be moulded within physical planetary limits. It cannot and 
should never be the other way around. This is in effect the basis of any resource 
framework as any efficiency must stem from knowledge of the physical systems so 
that humans can optimise their own programmes (design, monitor, maintenance 
and recycling) and make more efficient use of them. One must in short learn to 
recognise, understand, respect and use/re-use appropriately the quota of resources 
that Nature has bestowed, without putting at risk the very natural cycles responsible 
for their provision. The Principles of Resource Efficiency, in the authors’ opinion 
could help catalyse such endeavours?. There can be no place for excess. 

The next section establishes each principle, providing the rationale behind it and 


1Dematerialisation refers to the absolute or relative reduction in the quantity of materials required 
to serve economic functions (Wernick et al., 1996). 

2WWF’s Living Planet Report 2010 indicates that “we are currently using 50% more natural 
resources than the Earth can sustain. The highest biodiversity loss is in the poorest countries, 
in part driven by demands from richer nations; 20% of the world’s population consume 80% of 
ecological resources” (WWF, 2010). 

3These principles were first written as Laws of Energy Efficiency in Valero (2010). They have 
since been adapted here for the purposes of this book. 
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a set of actions serving as recommendations (corollaries), which effectively support 
the principle. This is then complemented by the authors’ personal reflections as 
to how a resource efficient society should take shape. They are ordered as follows: 
physical and engineering principles, biomimicry, industrial practices, sociopolitical 
aspects, and finally the philosophy of Nature and ethics. 


16.3. The principles 


“Resource efficiency is an inexhaustible source of energy and imagination. Once 
discovered, it is forever.” - Elias P. Gyftopoulos (2008). 


Starting with the above motto as proposed through a personal communication 
to the authors by Prof. Gyftopoulos*, the road towards resource efficiency is cons- 
tituted by 12 underlying principles. Many of which are based on the empirical 
endeavours of researchers and designers within the fields of Thermodynamics, En- 
gineering, Economics and sustainability. The principles provide the philosophy of 
an emerging science, Industrial Ecology. Industrial Ecology analyses the mate- 
rial and energy flows through industrial systems, with the aim of closing loops, in a 
very interdisciplinary way. Eco-design, eco-efficiency, industrial symbiosis, life-cycle 
thinking, natural capital restoration and dematerialisation and decarbonisation are 
some of the key themes. This new discipline forms an integral solution to sustainable 
resource management. 


Principle 1: Everything comes down to the Second Law 


Energy is not lost, but degraded. What is lost however is its potential, its quality 
namely its exergy. All natural processes are spontaneous and their exergy is lost 
without producing useful effects. What goes up eventually comes down, that which 
is concentrated disperses, what is warm cools and what is cool becomes warmer until 
equilibrium with the ambient temperature is established. This loss in exergy is effec- 
tively irreversibility. Notably, where mixtures are involved, it increases exponentially 
as incremental increases in purity (separation) are demanded. 


e Corollary 1: Whatever you do, no matter how intelligent you think it is, the 
entropy of a system and its surroundings will always increase. That is to say, 
the total exergy will decrease. 

e Corollary 2: Instead of employing the property entropy as the accounting unit, 
use exergy and exergy cost (or embodied exergy), since they are easier to un- 
derstand. 


4Prof. Elias P. Gyfotopoulos (1928-2012), is considered by many to be one of the foremost 
thermodynamicists of his time, Gyftopoulos was highly regarded for his significant contributions 
to the fields of nuclear engineering and mechanical engineering, having held appointments in both 
departments at Massachusetts Institute of Technology. 


474 Thanatia: The Destiny of the Earth’s Mineral Resources 


e Corollary 3: Maintaining quality is synonymous with efficiency. Therefore, 
losses in quality must be monitored, maintaining the necessary specifications 
for the product. Do not mix, purify, clean, heat, cool, pressurise or depressurise 
more than strictly necessary. Any additional excess just becomes more and 
more costly. 

e Corollary 4: Segregate polluting flows; do not mix them. 

e Corollary 5: The more advanced a product is in its productive process, the 
higher its cost and the more energy is rended useless with its loss. Never let a 
product degrade. 


Reflection 1: The Second Law should be at the forefront of any society based 
on resource efficiency with an economy founded on materials. In agreement with 
this Law, a linear increase in specifications implies an exponential one in the energy 
required to obtain it. Likewise, ever larger quantities of water and materials are 
used. Excessive use of any resource is unsustainable and even unreasonable, es- 
pecially if it is a reckless enjoyment of “wants” which prevents others from having 
what they really need. Energy, materials and water must be supplied as “fit for 
purpose”. Many industrial operations use freshwater, some of which really don’t 
require it. Water in industrial and mining operations should only be treated to the 
point of being useful for the work it is destined to do. Appropriate material use 
reduces losses and can facilitate recycling and/or re-use. A proper management 
of energy, meanwhile, would ensure that any inputs are carefully calibrated with 
the exact temperature and pressure required process by process. Any excess that 
cannot be prevented should where possible, be recirculated and used in steps which 
do not require extremely high temperatures but do need an input of heat or low 
quality steam. Entropic changes must also be reduced to the minimum amount 
possible especially as the production chain grows larger and more complex from 
cradle to grave. This can be done through methods such as energy cascading and 
Pinch analysis, including Water Pinch analysis (see Principle 3). 


Reflection 2: These corollaries apply to many separating operations and find 
obvious use in any recycling process. If, in trying to separate the metal consti- 
tuents from a recyclate, one does not invest enough exergy, one would then only 
obtain the “paying metals” from a very entropic mixture. Separating all metals 
completely, however desirable in terms of material preservation, would require ex- 
ponential amounts of exergy that simply would not pay financially, leading to yet 
more potentially useful resources being converted into waste. Moreover, waste in- 
creases with the irreversibility of product manufacture, that is to say as waste 
volumes grow so does the corresponding difference between exergy and exergy cost 
(Sec. 14.7 and Sec. 14.4). 


Reflection 3: Since the cost increases with the productive chain of a given pro- 
duct, end-user consumption should be the main focus of our present economy. A 
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striking case is the conversion of food into waste. About 90 million tonnes of food 
is disposed of annually in Europe alone (Valero D. e¢ al., 2013) and all food chain 
losses, both upstream and downstream, are converted into nothing when food is 
not eaten®. The same principle applies to all consumer goods including clothes and 
electronic appliances. 


Principle 2: Intelligent control 


To control a process you have to act on it, either by providing energy or dissipating 
it. Intelligent control means maintaining the quality required with as little total 
irreversibility as possible. 


e Corollary 1: Know your process and invest in appropriate equipment in order 
to know it all the better. 

e Corollary 2: Predict the accident, don’t just react to it. Control systems should 
not just be reactive (feedback) but also proactive (feed-forward, anticipatory 
and predictive). 

e Corollary 3: No control systems should be left isolated and/or poorly con- 
nected. No part should compete against another in order to achieve partial 
objectives. Instead, well co-coordinated and hierarchical integration must meet 
global objectives. 


Reflection: ICTs with their neural networks help adaptive systems to predict 
events before they happen. They have now reached a reasonable price margin which 
facilitates their functioning in feed-forward intelligent control systems (Shinskey, 
1978, 1988; Choi et al., 1998). 


Principle 3: Instant coupling of energy supply with demand 


Storing heat or electricity is inefficient, expensive and technologically complex. There- 
fore, instantaneously couple supply and demand for energy and avoid, where possible, 
undue distances. 


e Corollary 1 (The Armstrong corollary): Any small step in energy storage will 
be a giant leap for mankind. Undertake intensive research in energy storage. 

e Corollary 2 (The Pinch corollary): Amplify your vision. A plant may have 
cold flows to be heated up, and heated flows to be cooled down. Couple them 


5For more information, see for instance http : //ec.europa.eu/food/food/sustainability/, or 
http : //en.wikipedia.org/wiki/Food_waste. Accessed June 2013. 
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according to temperature and the amount of energy exchanged. Design with 
Pinch analysis (Linnhoff et al., 1982) and system integration. 

e Corollary 3: Development of renewable energies require extensive research in 
grid automation and energy storage. 


Reflection 1: Neither heat nor electricity can be mass stored, so they need 
to be used as soon as they are produced. Heat is inefficiently transferred, as it 
constantly loses temperature and diffuses. It is thus only an effective option whilst 
distances remain short. Contrarily, electricity can be transmitted and distributed 
long distances at the cost of resistance that decreases as voltage increases. Losses 
in such systems typically range from between 6% and 8% of a country’s electricity 
production. Energy efficient measures from the supply side involve the use of direct 
current (DC) transmission that decrease line losses by 25% whilst also improving 
precision control. The use of power electronics known as Flexible AC Transmission 
Systems, or FACTS, can enhance transmission capacity in AC lines by as much 
as 20-40%. On the demand-side, given that electric motors are one of the major 
electricity consumers, use of variable speed drives (VSD) can reduce consumption 
by as much as 60% with respect to the more commonly used constant speed drive 
motors® 


Reflection 2: Minimising mechanical, thermal and chemical gradients is key to 
saving energy and achieving good efficiencies. Instead of using large gradients it is 
much more effective to use cascades of smaller ones in which, each loss of an intensive 
property is used to increase another one to a small degree. This has three conse- 
quences: firstly, significant investment is required for control proficiency; secondly, 
the systems need larger and more intricate devices (since a drop in pressure, tem- 
perature or chemical potential requires additional stages in steam turbines, larger 
surface areas in heat exchangers and bigger chambers in chemical reactors). The 
following papers expand on the idea: Linnhoff et al. (1982); Kemp (2006); Wang 
and Smith (1994). 


Reflection 8: Research on energy storage is rapidly advancing and wide open. 
Energy can be stored chemically (hydrogen, methane, biofuels, liquid nitrogen ...), 
biologically (starch, glycogen), electrochemically (batteries, flow batteries), elec- 
trically (capacitors, super-capacitors, superconducting magnetic storage), magnet- 
ically (permanent magnets), mechanically (compressed air storage, pumped hydro 
storage, flywheels, springs. ..), and thermally (ice storage, molten salts, solar ponds, 
hot rocks, eutectic systems...). Any of which could take the forefront and become 
an important part of future sustainable options, should the right funds and people 
be diverted into such projects’ (Denholm et al., 2012). 


6See for instance ABB Energy Efficiency in the Power Grid. http : //www.nema.org/Products/ 
Documents/TDEnergyE f f pdf. Accessed March 2013. 
“See for instance: http : //www.sandia.gov/ess/index.html. Accessed June 2013. 
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Reflection 4: As stated in the Fukui Declaration’, smart grid technologies, in- 
cluding advanced batteries for highly-efficient and cost-effective energy storage, can 
help integrate those intermittent renewable power sources and building control sys- 
tems that allow businesses and domestic consumers to use energy more efficiently. 
Such developments also serve to enhance the reliability of electricity supply, ex- 
tending the useful life of power system components and reducing operating system 
costs. 


Principle 4: Efficiency vs. Efficacy 


Efficiency is hard to match with efficacy. Efficacy is achieving something regardless 
of cost; efficiency is the art of doing so with as few resources as possible. 


e Corollary 1: Doing things well takes time. Find the equilibrium. 

e Corollary 2: Nature has its pace. Adapt designs and processes to “her” rhythms. 

e Corollary 3: Getting things faster means more heat, more chemicals, more 
water, more effluents, more solid waste and special hardware requirements. 
Consider time as a resource that ultimately saves more resources. 


Reflection: Many natural things cannot be forced to move faster? nor is substi- 
tution always possible - nine women cannot form a child in one month! For instance, 
the size of a heat exchanger is given by the speed in which heat is transferred. A 
compromise between residence time, heat transfer area and temperature differences 


should be made. 


Principle 5: Aristotle-Leonardo-Commoner’® principle 


| Any system is part of a greater one, and everything is connected to everything else. | 


e Corollary 1: Recognise system components and their interconnections. 
e Corollary 2: If a system is not integrated, integrate it and make it multifunc- 
tional; there will be great opportunities for resource savings. 


8Fukui Declaration from the Ninth Asia Pacific Economic Cooperation (APEC) Energy Min- 
isters Meeting (EMM-9). http : //www.pnl.gov/main/publications/external/technical_ reports 
/pnnl — 20389.pdf. Accessed March, 2013. 

®9McDonough and Braungart (2002) ironically wrote: “If brute force doesn’t work, you are not 
using enough of it”. 
10Barry Commoner proposed the principle of connectedness as the first law of Ecology: everything 
is connected to everything else (Commoner, 1971). 
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e Corollary 3: The industry and urban system must be part of the natural system. 
The connections must be multiple and ongoing, not discrete, aggressive and/or 
ill-considered. 

e Corollary 4: Pay attention to emergent behaviour 
knowledge of one level (state) of a system is insufficient to predict the behaviour 
at a different level. 


11 in which even a detailed 


Reflection: Practice Material Flow Analysis (MFA) in order to better evaluate 
flow quantity and quality. Exergy analysis converts these flows into energy units 
and allows quantification of absolute losses. 

Also encourage and take steps towards industrial symbiosis so that all processes 
are not only integrated with Nature but serve to mimic natural behaviour: taking 
advantage of all inputs, whilst serving to minimise waste. In other words and 
as explained in Principle 8, turn waste residuals into useful streams that provide 
industrial benefits whilst serving sustainable objectives and development practices. 


Principle 6: Zidane’? and the Rebound Effect 


If something goes wrong it will make everything go worse (6a), but on the other hand 
if something goes right it does not necessarily mean everything will go well (6b). 


That is, if 6a represents a systemic malfunction of one of the subsystems, it will 
be at the detriment to not only that subsystem but the functioning of the whole, 
given that the whole must adapt to the perturbation. So there is in effect, twice the 
loss. Contrarily, if 6b represents a localised improvement, it could have an indirect, 
negative or even a counterproductive effect. This is because any improvement is 
not an improvement until it has been irrefutably checked and shown to be as such 
(this is in essence the Jevons paradox or rebound effect). 


e Corollary 1: To make systems reliable, concentrate on and especially improve 
any weaknesses found in the productive chain. 

Corollary 2: Undertake intelligent preventive maintenance. 

Corollary 3: Design flexible and resilient systems. 

Corollary 4: Diversity provides strength and survival. 

Corollary 5: An increase in resource efficiency does not necessarily induce a 


resource saving (rebound effect). 


11Emergent behaviour is unanticipated behaviour shown by a system. See for instance Graedel 
and van der Voet (2010a). For more information on system’s theory, see Bunge (2003). 

127idane, acclaimed French-Algerian football player who in the final match between France and 
Italy of 2006 Fifa World Cup, Berlin, was sent-off in the 110th minute of the game after headbutting 
the Italian player Materazzi in his chest. The loss of the leader perturbed the whole team and 
France lost the Cup in the penalty shootout. 
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e Corollary 6: Regulate sufficiency if efficiency is not enough to compensate the 
rebound effect. 


Reflection 1: A malfunction is a state which describes when something does 
not work properly or does not work at all. As any productive system is always 
interconnected with something else, take care of those components that are most 
likely to experience failure, since any chain will always break at the weakest link. 


Reflection 2: “A resilient control system is one that maintains state awareness 
and an acceptable level of operational normalcy in response to disturbances, includ- 
ing threats of an unexpected and malicious nature” (Rieger et al., 2009). Modularity, 
versatility and adaptability are major features of resilient systems. 


Reflection 3: The rebound effect (see Sec. 14.8) relates to the idea for instance, 
that a computerised society, whilst appearing to save energy and resources, may not 
necessarily do so. It will however greatly increase the consumption of critical and 
hard -to-recycle metals (Maxwell et al., 2011). The rebound effect is also present 
in the adoption of compact fluorescent lamps which have resulted in an increase in 
the number of garden lights being bought; or the more efficient car engines which 
have induced greater sales in heavier sport utility vehicles (SUV); or the fact that 
an increase in resource efficiency in a given company often results in a greater 
consumption of resources due to the productivity gain as observed by Jevons. The 
rebound effect ranges from 0% to >100% and may be expressed as a “ratio of the lost 
benefit compared to the expected environmental benefit when holding consumption 
constant” (Grubb, 1990). When the rebound effect is greater than 100% it is termed 
“backfire” (Sec. 14.7). For avoiding or reducing the rebound effect, Sorrell (2007) 
proposed raising energy (and raw material) prices in line with resource efficiency 
improvements or imposing absolute caps on emissions to the environment. 


Principle 7: The Notary Public Rule 


This principle expresses the non-linear link between energy and monetary costs. To 
use an example: in the construction of a house, the biggest consumption of energy 
takes place in the building materials which cost is the least per unit of energy invested. 
At the end of the process, deeds signing presents the highest financial expenditure 
per unit of energy effort. 


e Corollary 1: Energy is cheap because society values products of ingenuity more 
than that which Nature provides. Nature does not and cannot ever demand 
payment. People pay people, not Nature. 

e Corollary 2: To save resources, the Notary Curve must be flattened, i.e., society 
must pay more for what naturally costs more. 


480 Thanatia: The Destiny of the Earth’s Mineral Resources 


Reflection: If the aim is to rank energy saving operations, this principle is also 
known as the “Law of Savings-Investment”. It was formerly proposed by (Valero 
et al., 1986) and later elaborated in Naredo and Valero (1999) and is representative 
of the Pareto principle!’. It is a rule that doesn’t require a demonstration of its 
universal truth. That does not mean however that it fails to provide an illustration 
of the environmental deterioration that occurs at the hands of socio-economic deve- 
lopment. Applied in this case, the rule shows the asymmetry between the physical 
costs of obtaining a given commodity and its assigned price from the cradle to grave 
in the financial markets. The relationship between the physical cost and price is an 
empirical one that can be made to fit the following saturation curve: 


k=1—e7°? (16.1) 


where & and p represent the percentage of physical cost (measured in physical units) 
and of price (measured in monetary units) of the intermediate products in relation 
to the final one. The coefficient of elasticity, €, indicates the speed at which the 
physical cost of the intermediary product reaches 100% of the energy used in the 
manufacture of the final product. 

If one considers three products made of homogeneous materials like for example 
a sheet of printing paper, a plastic bottle or an aluminium can, one can observe 
that a sheet of paper has the greatest saturation, indicative of the fact that it has 
limited value until relevant information is printed on it (see Fig. 16.1). It is the 
information that carries the weight of importance and pays the financial dividends. 
The physical costs, such as the cutting of trees, their translocation from where 
they fell to the pulp factory, paper production and transportation to the consumer, 
are all activities of insignificant economic value. At the other end of the scale, 
is the plastic bottle, where production could almost occur in the refinery as it 
only involves minor manufacturing processes starting from crude oil, going on to 
producing a monomer and later a polymer which is then shaped into a bottle. For 
this reason, the market price is a reasonable reflection of the physical costs of the 
raw materials used. Intermediate cases would be those of the aluminium can or the 
glass bottle. 

The curve is also indicative of the exchanges that occur among nations and 
territories as pointed out by Naredo in (Naredo and Valero, 1999). The developed 
world, its management, its commerce and service industries, occupy the “clean” 
phases of product design and commercialisation with high added value per physical 
unit cost (meaning that they are situated in the saturated part of the curve). Those 
countries on the road to development are more dependent on agriculture and basic 
industries and have the “dirtier” task of extracting raw materials and manufacturing 
them, with little in the way of added value (meaning they are situated in the initial 
part of the curve). 


13 Also known as 80-20 rule, stating that 80% of the effects come from 20% of the causes, a 
relationship first discovered by Pareto (1895). 
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Fig. 16.1 The notary public rule applied to a sheet of paper, a plastic bottle and an aluminium 
can 


These curves can also be used to plot potential energy savings as a function of 
investment, thereby identifying the degree of elasticity and thus the optimal point 
of investment versus savings. This can be done by ranking measures relative to the 
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quantity of energy saved and the economic input needed, from biggest to smallest, 
i.e. from large savings, small investment to large investment, small savings. One 
then calculates the accumulated sum according to rank and represents it graphically. 
The subsequently savings-investment curve aids decision makers in structuring the 
measures available and finding the most appropriate solution by maximising savings 
at the lowest cost (Scarpellini e¢ al., 2013; Zabalza et al., 2011). 


Principle 8: Nature does not produce waste 


All waste symbolises defeat in the connection and design of a system. Nature by 
comparison does not produce waste. Instead one organism’s waste is another one’s 
feedstock which when assimilated produces another form of waste. This then becomes 
the root of new products and other types of waste, which in turn become again a 
resource for new products and waste and so on and so forth in a cyclic fashion. 


Corollary 1: Embrace Biomimicry in product design. 
Corollary 2: Practice Industrial Ecology and promote Eco-Industrial Parks. 
Corollary 3: Design with recycling in mind avoiding complex mixtures of ma- 


terials. It will minimise rebound effects. 


Corollary 4: Energy must come from renewable sources (as should the materials 
used to generate it). 


Reflection 1: Nature does not produce cans, bottles nor tetra pack but placen- 
tas, peels, rinds and shells. Natural packaging is as recyclable and organic as its 
contents. Such concepts should serve as a reference point for efficient and practical 
design. Transferring solutions from biology to technology requires some procedure 
of translation. Vincent et al. (2006) propose the “Theory of Inventive Problem Solv- 
ing” (TRIZ) as a suitable technique for identifying functions and transferring them 
from Nature to engineering. 

Benyus (2002) explains that current industry uses the “heat, beat, and treat” 
techniques to make materials instead of following natural methods. The example 
used is the high-tech Kevlar fibre which is compared to a waterproof spider silk. 
The latter has a much greater toughness and elasticity. Ounce for ounce, it is five 
times stronger than steel although manufactured in water, at room temperature 
and pressure, using no chemicals or oil. 

Following this line of thinking is the Blue Economy, a movement created by 
Gunter Pauli that advocates the use of resources in cascading systems in such a way 
that each waste of a product must be a resource feed to produce another product, 
thus creating a new cash flow. It is based on 21 founding principles. The Blue 
Economy seeks for solutions adapted to local environments using in depth Physics 
and Ecology as sources of inspiration. Gravity is a prime mover for Blue Economy 
solutions (Pauli, 2010). 
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McDonough and Braungart (2002), in their book Cradle to Cradle, also adopt a 
biomimetic and regenerative approach for the design of products and systems, where 
material flows are metabolised and integrated into the industrial/urban system as 
a part of the natural one. Therefore, industry and urban environments should 
cooperate with Nature. They advocate that society feeds upon only two types of 
nutrients: technical that should only include materials with no negative effect on 
environment and need to flow back to the industrial system and biological nutrients 
that eventually can become part of the soil. The ideas published in Cradle to Cradle 
have had a deep influence in the development of Industrial Ecology. 

Industrial Ecology analyses the material and energy flows through industrial sys- 
tems, with the aim of closing the loops, in a very interdisciplinary way. Eco-design, 
eco-efficiency, industrial symbiosis, life cycle thinking, natural capital restoration, 
dematerialisation and decarbonisation are all research fields that fall under its um- 
brella!*. 


Reflection 2: The pioneering paper devoted to eco-industrial parks is that of 
Frosch and Gallopoulos (1989). Perhaps the most widely recognised is that of 
Kalundborg!® in Denmark. It provides one of the best examples where the prin- 
ciples of industrial ecology and more specifically industrial symbiosis have been 
successfully put into practice. According to Lowe and Warren (1996), “the dynam- 
ics and principles of ecosystems offer a powerful source of guidance in the design 
and management of industrial principles. All industrial applications must function 
within the constraints of their local ecosystem and the global biosphere”. Later, 
Lowe (1997) stated that: “The unifying concept is that discarded materials, goods 
and by-products are turned into saleable materials and products. An integrated 
system such as this would need to have strong links with the local municipality, 
with materials collected from households in addition to those sourced from local 
industry”. 

In the authors’ opinion, more parks such as that of Kalundborg should be es- 
tablished because if Man’s industry is to become truly efficient, it must imitate 
Nature. The waste of a certain facility must become the raw material of another 
and ultimately the natural surroundings should operate as an active member of the 
industrial community. This is the true meaning of industrial symbiosis. 


Reflection 3: If products are designed with the aim of recycling them at the 
end of their useful life, manufacturers would surely avoid heterogenous mixing of 
materials. This is because as seen in Sec. 9.3.1, the energy and effort required to 
separate increases exponentially as more ingredients are added. Whilst alloying may 
seem to save the use of a given metal via the use of a smaller amount of another 
one, it may in some cases provoke a sacrifice of more resources than one would have 
used in the first place %.e. in not alloying (see principle 10). 


M4This is a rapidly growing community supported by the International Society for Industrial 
Ecology and the Journal of Industrial Ecology. 
15See http : //symbiosis.dk. Accessed June 2013. 
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Reflection 4: Energy must come from carefully considered renewable technolo- 
gies, especially if as shown in Chap. 1, they depend on the availability of strategic 
materials which are at risk of scarcity due to global distribution issues, supply 
disruptions, and/or lack of substitutes. Therefore renewable energies should be de- 
veloped with regard not only for energy but also materials. The label “renewables” 
should not only be linked to energy generation per se but should also encompass 
those materials used to produce that energy so they themselves are “renewed”. Fur- 
thermore, biomimicry should be applied to the production of renewable systems. 


Principle 9: Product durability and life extension 


Society must design things to last and extend their life through careful use, mainte- 
nance and upgrades. 


e Corollary 1: Internalise Life Cycle thinking and slow cycling?®. 

e Corollary 2: Upgrade systems through replacing obsolete components, instead 
of replacing the system in its entirety. 

e Corollary 3: Resources efficiency is related to processes, whereas durability 
links to products. Both are needed and complementary. 

e Corollary 4: Slow down consumption and enhance the longevity of goods by 


providing careful maintenance!’. 


Corollary 5: Personalise possessions, as in doing so they will endure!®. 


Reflection 1: Consumers tend to underestimate and even prefer to ignore the re- 
source costs embodied into products whilst also overestimating repair costs. As raw 
materials and energy are relatively cheap, intensive-resource consuming machines 
coupled with low wages in the developing world means that the production of new 
goods is often cheaper than the process of repair. This is because, as S6derholm 
and Tilton (2012) warn, there are negative connotations associated with the terms 
“recycled” or “used”. Something made all the more difficult by planned obsolescence 
and fashion stimulated by advertisement. The only way to feed this system is by 
ever decreasing the life of products and stimulating an attitude of replace rather 
than repair. The promoters for planned obsolescence allege difficulties in supplying 
spare parts in the speed of rapid innovation and product diversification (Cooper, 
2004). 

Ashby (2009) describes the different reasons why consumers dispose of products. 
First, replacement occurs at the end of an object’s physical life i.e. when it becomes 
cheaper to replace it than repair it. Second, it can occur at the end of functional 


16See Heiskanen (2002) for more details. 
17See Cooper (2005) for more details. 
18See van Hinte (1997) for more details. 
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life 7.e. when the need for such a product ceases. Third, when the product becomes 
obsolete. Fourth, end of life can be triggered due to economic or legal reasons. 
Lastly, the consumer may just not want it anymore. For one reason or another, 
when the product turns to waste, the productive purpose of all energy and materials 
invested in producing the good also fades out. 

Intrinsic durability and designs for longer product life spans are obvious strate- 
gies for enhanced resource productivity. The physical cost of a product is an emer- 
gent property that needs to be measured throughout its manufacturing history not 
just in relation to its current properties. This is because energy and materials pro- 
ductivity is only fully understood when one considers the whole product lifecycle, 
from raw materials extraction, assembly, distribution, use and disposal. 

Designing for longevity means using materials of the highest quality, constructed 
robustly and reliably with precision assembly and easy disassembly, repair and spare 
parts substitution (Cramer, 1997). Aesthetics is also an important issue. Owning 
beautiful things translates into social prestige. Such acquisitions are considered 
investments rather than expenditures, tending to saturate sufficiency and conserve 
value after re-sale. They don’t become old but antique. They are subsequently ex- 
pensive to manufacture seeing as they don’t conform to the materialistic “throwaway 
society”. Therefore, there is room for convincing consumers that the “recycled” or 
“used” terms need not be synonyms of lower quality. 


Reflection 2: Fashion and its promotion induce mass resource consumption. 
Sustainable fashion and its marketing is a huge challenge.!? (Allwood et al., 2006). 


Reflection 3: A materialistic world view strongly favours the “throwaway so- 
ciety”. And as long as economic growth is supported by consumption instead of 
the use of goods, society will be continuously prone to exponential growth before 
eventually collapsing. Research in disassembly and reuse is therefore as important 
as any other new technology because in the end whilst technology can change fast it 
must be adapted to the man-machine interface. However, the physical dimensions 
and limitations of human beings do not evolve so quickly (OECD -Butlin (1982); 
Reisch (2001); Ax (2001)). 


Reflection 4: Taxing raw materials and energy consumption (in terms of en- 
tropy production or better exergy destruction) instead of taxing labour would in- 
crease employment opportunities in repair and maintenance, disfavouring complete 
replacement. Such a policy would also decrease the environmental costs of pro- 
ducing, manufacturing and transporting goods seeing as repair and maintenance is 
always local, whilst production and manufacturing may well be global. Local mar- 
kets provide local employment, reduces material consumption and environmental 


19For more information, visit http : //moreintelligentlife.com/content/lifestyle/intelligent — 
life/sceptical — shopper — sustainable — fashion. Accessed Dec. 2013. 
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impacts by adapting production to fit local lifestyles. This is in effect the “old” 
culture of conservation. 


Principle 10: Dematerialisation 


Dematerialise: use less material, less water, less energy in order to manufacture a 
better product. 


For the majority of material products, only the service provided is of interest. 
So services need to be dematerialised. To make this happen, manufacturers must 
be made responsible for their products beyond their useful life and facilitate their 
recycling or reuse. They shall also be responsible for keeping their products in good 
condition throughout their entire life cycle. 


e Corollary 1: Minimise, reduce space and look up scales. A smaller volume 
means less packaging, lower transport costs, reduced storage and decreased 
waste. Small is beautiful??. 

e Corollary 2: When minimising, presume the need for disassembly and recycling. 

e Corollary 3: Start by reducing those materials with the highest environmental 
impact. 

e Corollary 4: Miniaturise as much as you can. Design at nano-scales. 

e Corollary 5: Simplify. 

e Corollary 6: Share goods and promote neighbourhood programmes where peo- 
ple share cars, tools, houses, etc. 

e Corollary 7: Promote Eco-leasing or product-service systems. 


Reflection 1: “Dematerialisation refers to the absolute or relative reduction in 
the quantity of materials required to serve economic functions” (Wernick et al., 
1996). As the reader has seen in Chap. 1, an average American citizen will need 
12.1 tonnes of iron ore, 2.3 tonnes of aluminum, 0.42 tonnes of copper, 0.39 tonnes 
of lead, 0.21 tonnes of zinc, 45.4 g of gold, 7.7 tonnes of phosphate rock, 17.5 tonnes 
of cement, 5.8 tonnes of clays, 14.9 tonnes of salt, 0.494 million tonnes of stone, 
sand, and gravel, 18.4 tonnes of other minerals and metals, 230 tonnes of coal, 
240.1 tonnes of oil, and 163.3 tonnes of natural gas. These figures are indicative of 
several things. 

One, dematerialisation of developed countries is far from being reached. In- 
deed Cleveland and Ruth (1998) through thoroughly studying and reviewing the 
extensive bibliography related to the intensity in the use of materials in the United 


20The phrase “Small is beautiful” became popular with the book of the same name by (Schumacher, 
1973). 
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States concluded that “there is no compelling macroeconomic evidence that the U.S. 
economy is decoupled from material inputs.” 

Two, adding tonnes of iron with grams of gold is meaningless in the sense that 
dematerialising kilograms of the former may be less beneficial than if one does the 
same for a few grams of the latter. In the same way, the environmental impact on 
ecosystems and resource depletion highly depend on the material considered. “Less 
is not necessarily less from an environmental point of view” (Herman et al., 1990). 

Three, whilst alloys and doping elements may add desirable properties and thus 
lead to dematerialisation, they may also complicate recycling. 

Four, substitution is recognised as something useful but can become controver- 
sial in some cases or impossible in others. For instance, about 25 kg of fibre glass 
can transmit the same information as a tonne of copper wire. Even if lkg of ura- 
nium can produce the same amount of energy as 13 tonnes of oil, 19 of coal or the 
energy supplied by a 2 MW wind turbine in 24h, there will always be the discussion 
as to whether nuclear options are socially acceptable (Herman et al., 1990). Phos- 
phate rock meanwhile has no known substitute, it can only be wisely managed and 
recycled. 

Five, one should be aware of a material’s potential rebound effect. As afore- 
mentioned, a computerised society for instance does not necessarily reduce paper 
consumption, but it does greatly increase the consumption of critical and hard-to- 
recycle metals (Maxwell et al., 2011). 

Unfortunately, dematerialisation will always be partial, since Man needs mate- 
rials and energy to survive. The amount can however be reduced drastically by 
a Factor 107! as advocated by the Factor 10 Institute and the Rocky Mountain 
Institute. Many good examples of successful dematerialisation attempts can be 
found in Penn (2001)?2. Dematerialisation can be quantified through the concept 
of material-input per unit of service - MIPS (Hinterberger et al., 1997; Bringezu, 
1997; Schmidt-Bleek, 1994), as already seen in Sec. 2.6.1. It is a useful indicator 
to analyse the material burden of society, although one should be cautious when 
applying it, since it is not sensitive to the quality of the materials analysed. 


Reflection 2: Stahel (2010) advocates a “performance economy” in which volume 
driven is substituted by value driven. Equally the intensive use of energy and mate- 
rials is substituted by intensive knowledge which leads to non-hazardous materials, 
waste recycling, cost internalisation and biomimetics. In a shift from an industrial 
to a performance economy, bulk goods priced in €/kg could well evolve into smart 
goods with a value of €/g. He examines many real world examples, concluding 
that “the role of resources can be changed: the goods of today are the resources of 
tomorrow at yesterday’s prices”. 


21See hitp : //www.factor10—institute.org/files/Factor10—Institute.pdf Accessed June, 2013. 
22See http: //www.realmagick.com/dematerialization/. Accessed March, 2013. 
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Reflection 3: A radical change in dematerialisation is in the promotion of a 
“service economy”, where the services that products provide instead of the products 
themselves are what is on sale. “Eco-leasing” or a “product-service system” enables 
companies to track their products throughout their entire life span, permitting 
a focus on designing for repair, product reliability and longevity. All of which 
enhances disassembly and material reutilisation. Retaining customer loyalty, not 
only through product satisfaction but also good servicing is a key feature (Oosterhuis 
et al., 1996; Goedkoop et al., 1999). 

There is definitely some common sense involved in leasing or sharing, partic- 
ularly for those products that the great majority do not use on a daily basis. A 
typical example is that of the non-industrial diy tool which is on average used for 
only ten minutes in its lifetime yet takes hundreds of times its own weight to ma- 
nufacture - begging the question “Why own one, if I can get hold of one when I 
need it? A product-service system provides me with access to the products, tools, 
opportunities, and capabilities I need to get the job done - namely, power tools for 
me to use, but not own” (Thackara, 2005). 


Principle 11: Re-Economy/Circular Economy 


Re-duce, re-use, re-cycle, re-cover, re-pair, re-furbish, re-manufacture, re-sell, re- 
consider, re-juvenate, re-create, re-fine, re-view, re-form, re-cognise, re-think, re- 
design, take re-sponsibility, assume re-percussions, re-novate ideas, think of re-levant 
things, re-invent, re-vise, re-ward, re-gulate and re-organise. Make non-renewable 
resources re-newable, etc. 


e Corollary 1: Move towards a circular economy. 
e Corollary 2: Give new life to the end of life. 


Reflection 1: According to the World English Dictionary, the re- prefix indicates 
a return to a previous condition and repetition or restoration of an action again 
and again. More than 4000 words contain this prefix in English and in all Latin- 
influenced languages expressing the same idea. Yet, Re-Economy is not a simple 
series of verbs but a growing political and socioeconomic movement called Circular 
Economy which is based on ecological economics, industrial ecology and the ethics 
related to the finiteness of natural resources. 

Closing material cycles and rethinking the economy is the key action for a new 
societal direction. Energy degrades inexorably but materials may be used over and 
over again. As Nature functions in cycles, society must do likewise. This is why this 
principle is closely related to no. 8: “Nature does not produce waste”. Amongst the 
many people that contributed to develop these ideas it is worth mentioning Stahel 
(1981) who sketched the vision of an economy in loops to save resources, prevent 
waste and create jobs in a performance economy. 
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The Ellen MacArthur Foundation, established in 2010 (Ellen MacArthur Foun- 
dation, 2010), states: “A circular economy is an industrial system that is restorative 
or regenerative by intention and design. It replaces the end-of life concept with 
restoration, shifts towards the use of renewable energy, eliminates the use of toxic 
chemicals, which impair reuse, and aims for the elimination of waste through the 
superior design of materials, products, systems, and, within this, business models”. 
It entails the whole economy and promotes new business models as well as changes 
in attitude with those involved in consumption becoming users rather than con- 
sumers per se. A circular economy proposes radical changes in material productiv- 
ity, through a systematic optimisation focused on cyclic closures and the avoidance 
of wastes”? as its central objective. 


Reflection 2: Increasing material efficiency is a key factor in a Circular Economy 
and thus requires more detailed attention. Allwood et al. (2011) observe that all 
consumer goods are progressively composed of increasingly mixed materials which 
raise the cost of collection and separation and make recycling less economically 
attractive. In integrating multiple functionalities into products, one sacrifices dis- 
assembling capabilities. Besides, global distribution of consumer goods is typically 
one way, thus complicating the logistics and infrastructure of material collection 
and sorting. Accordingly, they propose four strategies for increasing material ef- 
ficiency: longer-lasting products; modularisation and remanufacturing; component 
reuse; and leaner product design. 

Their first strategy: longer-lasting products, entails a more intense use via own- 
ership sharing, repairing and resale. The former has been evaluated in the previous 
principle. The other two will now be elaborated on. Design for easy repairing is 
a need in Re-Economy. Repairing should be as local as possible, specialised and 
labour intensive. Accordingly, economies of scale do not apply and the work tends 
to be more artisanal in nature, frequently carrying high labour costs. Although the 
car industry is far from being artisanal, there still remains some good practices”* 
that could be further adopted in the repair business such as product specification, 
detailed disassembly documentation, standardised repairs, spare parts resale, etc. 
Preventive maintenance likewise should be a key component with special attention 
given to critical parts as a way of extending overall product life. Common parts 
should be used and where possible simplified. Designing skeletons as central parts 
of products, allows for the treating of others as product add-ons that can easily 
be replaced. In other words one does not need to buy new computer casings, dis- 
plays, and keyboards if it is really a question of storage capacity or obtaining the 
latest software. In short, simplicity makes for more manageable life cycles (Ellen 
MacArthur Foundation, 2010). 


23Parto et al. (2007) proposes that the waste hierarchy should follow: waste prevention, design 
for waste prevention, product re-use, material recycling, material recovery for use as a fuel, with 
incineration and landfill as a last resort. 

24Whelan et al. (2006) provide the good example of electric motor repair. 
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Remanufacturing (second strategy of Allwood et al. (2011)) can make for a 
very attractive business, since the embodied energy and material costs have already 
been invested. However, very few companies design for remanufacture. Nowadays 
environmental legislation or intellectual property protection rather than resource 
efficiency provide stronger motives for remanufacturing. In any case the process 
must always be linked to a reverse logistics system and opportunities increase with 
product maturity in the market. Rapidly changing technologies are however far 
from prone to the remanufacturing process. As Séderholm and Tilton (2012) state: 
“Longer lifetimes imply a slower rate of capital turnover but also then a lost op- 
portunity to produce more energy and material efficient products”. Car tuning is 
an interesting example to highlight this issue. It consists of partially remanufac- 
turing the car for performance upgrading and appearance, and personalises it at 
the owner’s sake. Such actions have been often stigmatised and reserved for “racing 
junkies” or “boy racers”, but given a closer look, it provides a stimulating example 
of overall upgrading, promoting longevity, customising, not to mention new job and 
community creation. 

A third option for material efficiency proposed by Allwood et al. (2011) is com- 
ponent re-use or non-destructive recycling. Ageing differs for each component of 
any industrial product. Designing for disassembly gives potential to a longer life of 
separate components. It also creates new operations and jobs devoted to closing ma- 
terial cycles. These include disassembly, separation, sorting, inspection, cleaning, 
repair, reassembling, testing, quality certification, storage and distribution. 

An efficient recycling system needs concurrent engineering”? in the design pro- 
cess. The design idea for X must be as inclusive as possible, where X might repre- 
sent disassembly, quality, environment, waste prevention, remanufacturing, usability 
and re-usability, testability, corrosion prevention, maintainability and other related 
issues (Huang, 1996). Obviously, recycling will only be feasible if recovery tech- 
nology is available and the volume of materials is enough to allow for investment 
turnover. 

In this way and connected to the services economy, MacLean et al. (2010) pro- 
pose that “manufacturers of electric goods, electronics, and vehicles can benefit 
from taking over producer responsibility in a stricter sense. Designing products 
with high recyclability, collecting them at EKoL and feeding them into controlled 
effective recycling chains would generate in-house supplies of raw materials”. 

The final strategy for Allwood et al. (2011) involves “using less material to 
provide the same service”. The authors have already discussed this idea in the 
Dematerialisation Principle (no. 10). However an important issue here relates to 
recycling. Some substitute materials are difficult to recycle. This is the case for 
composites. Composites or lightweight materials like magnesium or rare earths in 
aluminum alloys increase the cost of collection and separation and make recycling 


25 Anastas and Zimmerman (2003) provides clues as to how one might achieve Green Engineering 
following their 12 principles. 
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less economically attractive. Sometimes a drop in material weight can be at the ex- 
pense of using others with a greater energy and environmental rucksack (materials 
rebound effect - Sec. 14.8). In construction for instance, light-weighting involv- 
ing glass, aluminium or steel structures instead of concrete, whilst decreasing the 
amount of materials, greater energy losses during the utilisation phase could occur. 
Therefore, a life cycle optimisation of materials and energy use in buildings and 
systems should be undertaken, including considerations into end-of-life recycling. 
Unfortunately such optimisations are rarely done. Ashby (2009) and Allwood et al. 
(2011) propose a “back to the future” scenario with stone and wood acting as good 
candidate substitutes for concrete and steel with reduced embodied energy”®. 

Substitution can be particularly important in the case of metals. Wager et al. 
(2012) distinguish two types: first, the substitution of critical metals for ones that 
are less scarce or those with a lower embodied energy and environmental impact. 
Such substitutions need to be carefully planned, as they could entail losses in func- 
tionality and efficiency, as is the case of replacing copper wire with aluminium. The 
second type, involves a change in the product but not functionality to reduce en- 
vironmental impact. This case is demonstrated in the substitution of asphalt with 
special cements for roads. Asphalt is obtained from usually imported heavy oil frac- 
tions of petroleum processing whilst cement can be obtained using non-imported 
coal, biomass and/or recycled waste. 


Reflection 3: If the end-of-life is important and needs radical changes, the 
beginning-of-life, i.e. mining, beneficiation and refining present huge opportuni- 
ties in resources efficiency. As opposed to the end-of-life which depends on many 
social actor interactions, improvements in the beginning-of-life strongly depend on 
a few decision makers and technology developers. Blasting, for instance, consumes 
less energy than crushing and grinding, and new grinding technologies can be imple- 
mented. Many opportunities for improving leaching processes exist such as the reuse 
of water, dry processing, the use of less aggressive chemicals, and the implementa- 
tion of biometallurgical processes as mentioned in Wager et al. (2012) and already 
explained in Chap. 8. However, intensive capital investment for R&D is needed. The 
metals industry particularly, requires large investments with a low capital return, 
which serves to slow down any sectorial technological evolution. Also, these kinds 
of industries are frequently located in remote areas and are considered “dirty”. The 
lasting result is a limited attraction for young researchers, not to mention mining 
and metallurgical engineers. 

The recovery of metals from low grade minerals and coal from dumps heralds 
great prospects. It must be as important and necessary as urban mining. Tail- 


26See for instance CIRCE Building of the University of Zaragoza, which was built according to 
the guidelines promoted by the Institut fiir Baubiologie und Okologie. The idea was to create 
a Life Cycle Zero-Emission Building. In its construction the embodied energy of each building 
block was calculated and minimised where possible. Most of the building materials are completely 
recyclable. Constructors also used noxious emission free materials. Heating and cooling losses 
were optimised. http : //www.fcirce.es. Accessed Jan. 2014. 
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ings should be considered a future opportunity for mineral recovery rather than an 
environmental burden. The recovery of critical metals in slags and landfills must 
likewise be an important future economic activity. 


Reflection 4: Regardless of the industrial step, one must think in cycles. Hence, 
any material leakage or any inefficient use of energy affects environment and society 
and is in fact a lost opportunity for new technological, business and job market 
development. But a Circular Economy permits an analysis as to how things might 
influence each other. One must thus always advocate “systems thinking” in which 
everything is interrelated and emergent properties arise (see p. 478). Such systems 
although more intricately complex and non-linear are also more resource efficient, 


durable and much closer to natural cycles. 
Worthy of note is the following statement from Ellen MacArthur Foundation 
(2010): 


“Towards 2025, there is a chance for circularity to go mainstream, and for savings 
to move beyond the 20% mark ... The mainstreaming phase will involve organising 
reverse-cycle markets, rethinking taxation, igniting innovation and entrepreneur- 
ship, stepping up education, and issuing a more suitable set of environmental 
guidelines and rules - especially with regards to properly accounting for exter- 
nalities. Moving manufacturing away from wasteful linear material consumption 
patterns could prove to be a major innovation engine, much as the renewable 
energy sector is today. Such a transition offers new prospects to economies in 
search of sources of growth and employment. At the same time, it is a source of 
resilience and stability in a more volatile world...... governments and companies 
have started looking at the circular model not only as a hedge against resource 
scarcity but as an engine for innovation and growth...” 


Principle 12: Replacement 


Nature is the most precious thing we have. It belongs to all of us that have lived, are 
living and that will live. Nothing should be taken from “her” that cannot be replaced. 
Likewise, anything taken that can be replaced, should be replaced. 


e Corollary 1: The greater the cost of replacement, 7.e. the greater its rarity, the 
more a resource should be preserved. 

e Corollary 2: Biological products are replaced by the sun, geological ones by the 
internal heat of the Earth combined with eons of meteorisation. Take care of 
both but take even better care of the latter. 

e Corollary 3: If you respect and work with Nature, “she” will work for you. 


Reflection: The shortage of minerals will be definitive. The idea of replace- 
ment, restoration, remediation or exergy repair could easily be extended to many 
other non-renewable resources of biogeological origin such as forests, landscapes, 
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fertile soil, subsoil waters, fisheries and climate change, as an indication of deple- 
tion. Quantifying the need for conservation is, in fact, a way of accounting the 
amount of work needed to restore that which has been degraded. The more diffi- 
cult an object is to restore, the stronger the need for its conservation. Accounting 
replacement exergies is effectively the same thing as creating a debit account for 
future generations. Each time one learns how to improve a given replacement, or 
recycle it more efficiently, or even how to live with less, that person is putting the 
brakes on Thanatia. 


16.4 Summary of the chapter 


This chapter has described the 12 principles that the authors consider to be the 
basis of an efficient use of resources, including energy, water and materials. They 
are expanded on by a series of corollaries, which are effectively concrete actions 
serving as recommendations for industry, policymakers and civil society, to build 
a new vision of economy and to ultimately achieve the goal sought in this book: 
the reduction and optimisation of the consumption of the Earth’s limited mineral 
endowment. 

Such proposals include: maintaining quality and the necessary specifications of 
the product, segregating polluting flows, using intelligent control systems, adapting 
designs to Nature’s rhythms, developing a multipurpose industry, promoting natural 
integration (i.e. industrial symbiosis), coupling supply with demand, development 
of new techniques for mass energy storage, intelligent preventive maintenance, de- 
sign of flexible and resilient systems, assigning prices more closely related to natural 
costs, dematerialising, transitioning society towards an appreciation of a product’s 
service rather than the product per se, reduce, reuse and recycling and finally pro- 
moting the need to preserve and restore natural resources. 
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Chapter 17 


Epilogue 


17.1 Introduction 


Since the eighties, exergy analysis, previously only used in engineering calculations, 
has become increasingly important and has been gradually introduced into eco- 
logical and even social issues. Contributions of Ayres, Szargut, Hirs, Stanek or 
Sciubba, to name a few, paved the way. The concepts developed in this book were 
first sketched out and presented in the book by Naredo and Valero (1999). The 
latter was the outcome of intense discussions with ecological economists like N. 
Georgescu-Roegen!, J.M.Naredo or J. Martinez-Alier. At that time the themes it 
contained were only beginning to be explored by the scientific community. The 
panorama has since changed, even rock music has laid claim to the need to conserve 
exergy, as witnessed in Muse’s? Second Law lyrics: 


All natural and technological processes proceed in such a way that the availability 
of the remaining energy decreases. |... | 

Energy continuously flows from being concentrated to become dispersed, spread 
out, wasted and useless. [...] An Economy based on endless growth is unsus- 
tainable |... ] The fundamental laws of thermodynamics will place fixed limits on 
technological innovation and human advancement. [...] A species set on endless 
growth is unsustainable. 


Such developments fill the authors with hope, and through this book they have 
tried to show how Thermodynamics can help in the more efficient management of 
the planetary resources. 

This final chapter summarises the main contributions shown in this book related 
to the exergy assessment of mineral endowment. 


See the interview that Valero conducted with N. Georgescu-Roegen in 1991 in Appendix E. 
?Muse are an English rock band from Teignmouth, Devon, formed in 1994. 
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17.2. Thermodynamics and the global view of resources 


Thermodynamics unifies concepts. Whilst a deep understanding of this science is 
not easy and its application in many cases used only superficially, this branch is a 
founding one, whose messages are both well placed and poignant for those wishing to 
investigate and push for sustainability. The First Law provides the definition for the 
metrics of energy and the basis of material and energy balances. The Second Law is 
often used in a metaphorical way. At this point, the analyst abandons the Thermo- 
dynamics that he or she considers an aloof scientific instrument and moves towards 
those ad-hoc indicators which are more closely related to the spatial-temporal reality 
in which we all live. With such indicators one can construct mathematical forecast 
models, input-output analysis, LCAs and various other programmes with which to 
simulate and analyse the behaviour of various phenomena, including populations, 
ecosystems and the financial markets. 

However, as the reader could appreciate throughout the book, the Second Law 
plays more than a metaphorical role in the analysis of the evolution and consump- 
tion of the planet’s natural resources, particularly the abiotic ones, which up until 
recently had nowhere near enough been comprehensively examined. 

In the construction of a model with which to evaluate the mineral endowment 
on Earth the book has shown that: 


Exergy is a universal measure for resource accounting. 

Abiotic resources are not well defined thermodynamic systems. 

Thanatia is a coherent baseline for mineral exergy calculations. 

Exergy costs inform as to the physical irreversibility of production processes. 
Cradle-to-grave technologies constitute only half of a material cycle. 


Depletion should be measured on a grave-to-cradle basis through exergy re- 

placement costs. 

e The thermodynamic rarity of minerals indicate the hidden and real costs asso- 
ciated with production. 

e The concept of replacement cost apprehends both ideas: conservation and tech- 
nological improvements. 

e The exergy replacement cost of minerals could well become an environmental 

indicator. 


Such findings are briefly summarised in the following sections. 


17.2.1 Exergy is a universal measure for resource accounting 


All natural resources are interconnected and this fact is becoming steadily more 
evident, as the world looks at its problems through an increasingly global and inter- 
temporal magnifying glass. Sustainability provides the overriding conceptual bridge 
with which to treat all these problems: there is only one Planet Earth and all must 
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take care of it, not just for the benefit of the current generation but also the many 
after it. To be able to do this one must first understand the effect that society is 
having on the health of the planet and its resources and how to reduce it. And this 
takes more than nice words in global conferences - it requires measuring units and 
reference frameworks. 

Furthermore and with good reason, it is the physical not the economic which 
must serve as the reference point, as it is the latter which is subject to the former 
and not the other way round. Apart from that, no single currency has stood the 
test of time, which begs the question: how does one reliably measure the disper- 
sion of societal mineral stock, or the exhaustion of mines? How can one fairly or 
adequately account for the use of energy, water or soil? All such questions find 
their answer in the use of one universal unit of measure, exergy. Exergy has the 
ability to undertake the global and intergenerational analysis that monetary units 
simply cannot. It can also quantitatively demonstrate the effect of waste, mine 
extraction, water consumption or soil erosion on resource stocks, which can then be 
extrapolated to indicate those risks posed on society, should they continue or even 
accelerate. This is because it is the variation of an intensive property with respect 
to a reference environment, which exergy quantifies in SI units (e.g. kJ). This then 
means that the same unit with which one measures energy, can also be used to mea- 
sure materials. This then serves to avoid the possibility of trying to add apples to 
oranges. Moreover, processes involving mixing and separation, manmade as much 
as natural, can also be measured in terms of exergy loss, even if there are no energy 
losses. In addition, as the exergy of a fuel is approximately equal to its high heating 
value, one can reference exergy in terms of toe (tonnes of oil equivalent) or any 
other conventional energy unit, whilst maintaining the scale used by a practitioner. 
It also permits the addition of different kinds of resources and supports dynamic or 
cost benefit analysis as is done with money. 


17.2.2 Abiotic resources are not well defined thermodynamic 
systems 


Exergy calculations are unfortunately far from simple. The use of exergy as a unit 
of measure always requires the definition of two states: that of the product and that 
of the reference environment or baseline. One must state the intensive properties 
of the substances to be evaluated 7.e. whether they are solid, liquid or gas, their 
composition, concentration, temperature, height, speed, etc. The difference between 
these intensive properties and those of the reference environment, converted into 
energy terms, provides the overall exergy value between the two states. 

This book makes a conceptual leap: exergy can also be used to assess natural 
resources. In an intuitive way, it stands that a mine, a cloud, a glacier, a river, a 
metal or even a waste are abiotic resources clearly distinguishable from a completely 
mixed “entropic soup”. These types of systems, including the reference environment, 
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are not well defined thermodynamic systems but fuzzy. They are in no way in 
equilibrium nor homogeneous and their properties are approximate. In spite of 
this, their intensive properties need to be identified. To use an example, the relevant 
properties for the exergy calculation of a mine are composition, concentration (ore 
grade) or improbability, amongst others. 

For calculating exergy resources, the reference environment (R.E.) deserves spe- 
cial attention. The previously published reference environments focused on well 
defined system states and their exergy losses, rather than on natural resources and 
their degradation (Sec. 10.4). For the latter the problem is conceptually deeper. 
Therefore the core issue in finding an appropriate R.E. for resource assessment is 
related to the question of: how to stipulate the consistency of an entropic soup 
which most reliably depicts the current geological reality and forecasts that of the 
future? 

Unfortunately when one attempts to answer this question, one finds that the 
composition of the Earth’s crust is not equal to the average concentration of all 
chemical elements in the biosphere, nor for a few kilometers below that. Further- 
more, the Earth is not uniform and is divided up not just into the crust but also into 
the hydrosphere and atmosphere which are likewise potential providers of material 
resources. Besides, one must distinguish between what is solely bedrock and that 
which represents a potential mine in a determined location. Finally, temperature, 
as it varies on location, according to climatic conditions and climate change, needs 
to be defined since it plays a major role in exergy calculations. 


17.2.3. Thanatia is a coherent baseline for mineral exergy 
calculations 


In this book, the authors proposed an imaginary degraded Earth, Thanatia, as the 
baseline for exergy calculations. Thanatia represents an imaginary ultimate state 
of the present evolutionary Man-induced degradation path, in which the crust, the 
hydrosphere and the atmosphere have reached maximum dissipation of all their ma- 
terials, taking into consideration the natural conditions on Earth (given its distance 
from the Sun and its internal heat). In Thanatia no commercially exploitable mines 
exist with all materials having been dispersed and degraded and having reached 
the composition of the bare rocks commonly found in the crust; the hydrosphere 
contains no poles and is nearly entirely composed by standard saltwater; whilst the 
atmosphere has arrived at the state predicted by long term climate change models, 
where greenhouse gases are at a concentration of 683 ppm due to the complete 
combustion of fossil fuels. Thanatia is by no means in equilibrium state but in a 
conceivably geological steady state that can be characterised by a reasonably short 
set of physicochemical parameters. 

Thanatia constitutes a coherent baseline to evaluate the loss of mineral endow- 
ment on Earth and the speed of its exhaustion. It does not consider the end of the 
world or represents a dead planet but rather its commercial climax. Whilst it is 
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hypothetical indicating an “end”, it is not an expression of impending catastrophe 
but rather a consistent thermodynamic theory supported by the Crepuscular Earth 
Model, which is in the fact, the quantitative representation of Thanatia. Using this 
model as a reference, any regional or global planetary state can be assessed as an 
exergy departure from Thanatia, as long as one knows the physicochemical para- 
meters which characterise the two systems. This allows for the exergy calculation 
of any resource. Thus abiotic resources, which were previously considered finite 
but countless, are converted, at least theoretically, into finite and countable. Their 
thermodynamic value is a measure of their exergy distance from depletion. In fact, 
with this approach debatable problems such as which R.E. to choose (Stewart and 
Weidema, 2005) become irrelevant and exergy values can easily be obtained using 
computer programmes, once the intensive properties of the material are specified®. 


17.2.4 Exergy costs inform as to the physical irreversibility 
of production processes 


Once any two states of a system are characterised it is possible to calculate the 
actual exergy investment needed to reach a final state from an initial one. This is 
referred to as either exergy cost, embodied exergy or cumulative exergy consumption 
and can be assessed through the Thermoeconomics theory. If the process is a real 
one, the exergy cost is calculated by measuring the whole exergy consumed from 
the initial to the final state. In such a case, embodied exergy and exergy cost are 
equivalent. However, if the process is hypothetical, the exergy cost is not truly 
embodied exergy and is assessed with the best available technology. 

Hence, in contrast to exergy, exergy cost calculations are based on current tech- 
nology. And, as technology is far from reversible, exergy cost and exergy differ 
greatly, in many cases by several orders of magnitude. Displayed over time their 
difference is an objective and unique measure of technological achievement. Usually, 
exergy costs decrease over time, as the production chain becomes more efficient. 
This is because the exergy cost of a product reflects the exergy losses (irreversibili- 
ties) associated with the production process. 

Exergy is thus a more appropriate indicator for purely scientific purposes, 
whereas exergy cost can support social interpretations. Both are equally valid from 
a thermodynamic point of view. 

Finally, considering that the link between entropy generation and irreversibility 
is established by the Gouy-Stodola law, (J = Toc), entropy with exergy and exergy 
cost concepts can be easily bridged just in accounting for the exergy losses in pro- 
cesses. Therefore, entropy (generation) might no longer be used as a metaphor but 
as a quantitative parameter. Note that other indicators related to the exergy cost 
such as embodied energy, do not necessarily fulfill these thermodynamic conditions, 
even if they can be used as proxy values of the exergy cost. 


3Such as those in the webpage: www.exergoecology.com. Accessed Jan. 2014. 
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17.2.5 Cradle-to-grave technologies constitute only half of a 
material cycle 


Only on a geological timescale will element cycles ever close. On the contrary, on 
a human timescales all elements will be dispersed. This is because regardless of 
how many minerals are stored in the crust, their demand will increase. Even in 
the most optimistic case that recycling becomes a highly efficient and more com- 
monplace technology, sooner or later all elements will eventually become dispersed 
and degraded. The reader has seen that for element recovery, either in a natural or 
urban mine, the required energy input in extraction increases exponentially as its 
concentration decreases, in such a way that an infinite amount of energy is needed 
for infinite recovery. It is Economics not Physics that decides the limits of recov- 
ery. Therefore, before reaching infinity, a significant amount of waste material will 
become un-recycled and finally dispersed. 

As seen throughout the book, in the cradle-to-grave process many materials 
are left at the wayside. Mining leaves rocks containing minor ore grades and tail- 
ings. Metallurgy and refining expels gases, particulate matter, wastewaters and 
solid residues that can hardly be expected to be recovered, even should increas- 
ingly stringent legislation be passed. These two processes -mining and metallurgy- 
are essentially separating and chemical isolating processes. In such processes, pro- 
duct entropy decreases at the cost of increased environmental entropy with this rise 
taking the form of aquatic and atmospheric pollution, solid wastes, ecosystem de- 
terioration and energy degradation. All of which fall under the umbrella of exergy 
destruction. Manufacturing and fabrication processes, whereby an element or com- 
pound is now combined, alloyed, doped, welded, glued, fixed, etc with another to 
form a product for a given customer’s specifications, are in essence processes that 
create entropy. This is because both the entropy of the material and that of the 
environment increases in the form of effluents and energy degradation. Finally, no 
matter how long the life of a product, it will always eventually oxidise, fatigue, de- 
teriorate, degrade, become obsolete or simply un-useful. Its end-of-life commences, 
either by landfilling (in which case urban mining could be undertaken) or by start- 
ing a new life with recycling. In terms of entropy generation, the recycling process 
resembles metallurgy whilst urban mining, natural mining. 

McDonough and Braungart (2002) call this overall cycling process “cradle to 
cradle”. Cradle-to-cradle is a nice message about the need to extend the life of 
materials and recycling. Whilst the authors agree with this message in essence, in 
reality any material that is not recycled will disperse into Thanatia. Therefore they 
object to the idea that recycling should be considered cradle-to-cradle, seeing that 
it is actually a gate-to-gate process, occurring in the technosphere. Technology con- 
centrates all efforts on improving the situation and must shine strongly if humanity 
is to continue to thrive. This is why cradle-to-grave processes are referred to by the 
authors as “over the rainbow” because they constitute only half of the cycle. 
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17.2.6 Depletion should be measured on a grave-to-cradle basis 
through exergy replacement costs 


Humanity must consider depletion and dispersion as an inevitable part of a ma- 
terial’s life. This is what the authors refer to as “down the rainbow”. The reader 
has seen that in all attempts to measure depletion “over the rainbow”, either in 
monetary or physical terms, there exists a tension relating to the impossibility of 
assigning an objective value to physical scarcity. The concept even though it is in 
essence, imaginary, can aptly explain and measure the degree of depletion which 
occurs as a direct result of Man’s activities. In theory, a given mineral’s price should 
provide a good indication of depletion but in reality countries and mining compa- 
nies always want to exchange their mineral endowment for quick cash. Thereby a 
mineral’s price is subject to market abundance, combined with political and finan- 
cial uncertainties and conflicts of interests rather than diminution. In which case, 
mankind is hardly going to hurry towards the goal of reaching a global accounting 
consensus that takes a long hard look at the annual loss of value in mineral terms. 
Regrettably therefore, raw material dispersion has not been sufficiently considered 
in economic analysis. It has instead simply been ignored as a material availability 
loss; or considered as an environmental concern. As happens with heat and energy 
balances, the effect of Man is likewise obtained in the difference: 


Extracion + Recycling - Societal stock = Dispersion 


An alternative measuring yardstick could be the annually extracted tonnes for 
each and every mineral. Nevertheless this would entail an intricate accounting 
system (as a tonne of indium will not have the same monetary or mineral value of a 
tonne of iron). Tonnes extracted state nothing as to the value of that which could 
be potentially exploited in the future. 

In the authors’ opinion, mineral endowment depletion must be measured on 
a grave-to-cradle basis (Valero D. et al., 2013). There is however, as of yet, no 
universal and systematic accounting of element cycles and there remains a need 
to go further into the accounting of annual endowment loss. In light of this, the 
authors propose a measurement of resource depletion through either the minimum 
or actual physical cost of replacing minerals with the best available technology, from 
a degraded state in Thanatia to the conditions in which they are currently present in 
Nature. The two parameters with which to do so are replacement exergy and exergy 
replacement cost. Whereas the “over the rainbow” component represents actual 
consumption, “down the rainbow” symbolises the debt that this current generation 
passes over to those of the future. 

Exergy replacement costs can also explain the three types of entropic criticality 
that a given commodity might present: First, “mine criticality” appears when the 
element is not scarce per se but rather sparsely distributed in the crust rather than 
concentrated in mines. An example of such would be the extraction of lithium in 
oceans. The second relates to when the metal is found with others that show simi- 
lar chemical behaviour, presenting thus “chemical criticality”. Rare earths exhibits 
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both, mining and chemical criticalities which is why mixing must be avoided when- 
ever possible. The third relates to absolute scarcity. This is the worst scenario and 
is the case of the precious metals. Contrarily to abundant elements such as iron or 
aluminium, concentrating grams of precious elements would need vast amounts of 
exergy. Exergy replacement cost is thus greater for critical elements than it is for 
those found in abundance. 

It provides an objective value to dispersion and offers a “natural” cost of minerals 
extracted throughout the planet. Moreover, as exergy cost is additive, it can be 
summed cumulatively, thus providing a tool for the systematic accounting of all 
the mineral endowment extracted from Earth over a determined time period. It 
also permits an assessment as to the impact of future scarcities, since declining 
high-grade deposits will intensify replacement costs. 

It should be remembered that the exergy replacement cost is not an embodied 
exergy since it is calculated using an imaginary process from Thanatia to the actual 
mine, instead of from the mine to the consumer. Note also that the replacement 
cost does not enter into judging scarcities. No matter the amount of minerals that 
remain unexploited or yet to be discovered, this parameter may indicate the annual 
loss of mineral wealth rather than the absolute value of mineral endowment. This is 
because for its calculation it only requires the quantity and ore grade of the mines 
that are currently extracted and the Crepuscular Earth model. 

Notwithstanding, should the physical details of the reserves be available, exergy 
can also be used to evaluate mineral resources as a continuous, quantitative and 
objective function of the tonnage, composition and concentration. This is done with 
a unified unit of measure instead of the discrete and qualitative methodology of the 
United Nations Framework Classification for Fossil Energy and Mineral Reserves 
and Resources 2009 (UN, 2010). 

Summarising, any raw material will have two components in its backpack: one 
is the overall impact of its extraction and the other, the generated debt passed over 
to future generations in failing to avoid dispersion. Any resource assessment must 
be physically, not economically based. 

Obviously, this also means that the current market prices of mineral commodities 
should increase so as to include replacement costs and reach a stabilised value no 
matter their current ore grade. 


17.2.7 The thermodynamic rarity of minerals indicate the hidden 
and real costs associated with production 


The Webster Dictionary defines rarity as “something that is valuable because there 
are few of its kind”. Rarity value therefore relates to the difficulty in attaining some- 
thing. In the case of a mineral deposit, rarity is associated with the improbability 
of finding and accessing it. Once accessed, it also relates to the effort of isolating it 
from undesired impurities considering environmental conditions and the availabil- 
ity of water, energy and resources in general for its supply to market. Rarity thus 
prescribes the character of a natural resource to a given mineral deposit. 
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For a specific mineral, “natural rarity” refers to favourable composition, concen- 
tration or degree of cohesion - a set of conditions which are extremely difficult to 
find. “Technological rarity” meanwhile, relates to the costs associated in bringing 
minerals from mine to market conditions. If one considers all these characteristics 
from a thermodynamic perspective, they are all rooted in entropy. The dispersion 
and mixing of materials are principally the results of geological forces moved by 
both the sun and the Earth’s internal heat over millennia, where the effects of the 
Second Law become evident. 

Exergy is a measure of the degree of thermodynamic distinction and in this 
sense it is a measure of an object’s rarity. Something other than commonness is 
rare, and the rarer something is, the greater its distinction. It is therefore not 
surprising that “thermodynamic rarity” is stated in exergy terms. Consequently, a 
mineral’s thermodynamic rarity has been defined in this book as “the amount of 
exergy resources needed to obtain a mineral commodity from bare rock”. Notwith- 
standing for this definition to be complete, one needs to specify the reference state 
from which distinction is measured and the technology one is currently using. Ac- 
cordingly, a mineral’s thermodynamic rarity is more precisely defined as “the actual 
amount of exergy resources needed to obtain a mineral commodity from Thanatia 
to the prefixed commercial conditions using the current best available technologies” 
(Sec. 4.5). Rarity thus becomes a quantifiable thermodynamic property measured 
in kJ. Thermodynamic rarity is composed of two complementary parts: the natural 
bonus, which is a hidden cost and the “OTR” costs, 7.e. the actual amount of re- 
sources needed to convert a mineral into a commodity via extraction, beneficiation, 
smelting and refining. 

The probability of finding new deposits is decreasing due to human activity. 
Hence, rarefaction is a Man-induced process. In the technosphere, it appears at 
the mineral’s beginning-of-life (BoL) and at its end-of-life (EHoL). In the former, 
as mining continues and ore grades decline, the operation becomes ever costlier. 
In the latter, rarefaction occurs when materials become dispersed into Thanatia. 
Consequently, the rarefaction process carries two costs, one at the BoL and the other 
at the EoL. Thermodynamic rarity has a bearing on global energy consumption 
and the sustainability of planetary resources because the greater the rarity, the more 
difficult it is to obtain a given commodity. 

It is worth remembering that if technology does not change the thermodynamic 
rarity of a given mineral will remain constant*. It is a property of a given mineral 
reflecting its natural scarcity or abundance and the relative technological difficulty 
or ease in obtaining it. This is because the mineral wealth of the Earth (at least for 
the non-fuels) is in fact constant. It is either in the geosphere or in the technosphere. 
Before the appearance of any mining activities, all geological heritage remained in 
the geosphere, in the form of very concentrated mineral deposits. At that point 


4 As explained in Sec. 4.5, this is a simplification because in reality the exergy replacement costs 
do not vary lineally with the ore grade. 
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in time, extraction costs would have been extremely low, whilst replacement costs, 
given the highly concentrated nature of all deposits, extremely high. As extraction 
occurs, mineral deposits become steadily depleted and approach the conditions of 
Thanatia. Accordingly, the exergy replacement costs decrease, whereas it becomes 
more energy intensive to extract and refine those depleted deposits. Consequently, 
the hidden costs are increasingly converted into real ones and at the limit, when all 
minerals are dispersed into Thanatia, the exergy replacement costs are zero whilst 
those required to extract, beneficiate and refine are infinite. 

For this reason, if prices only take into account production costs, the result is 
that the monetary value of a rare object is only subject to short term market insta- 
bilities manufactured by supply issues. The fact that mineral patrimony is steadily 
being eroded is forgotten. If, by way of contrast, prices also internalise exergy 
replacement costs, the avoided and hidden cost for having “mineral monuments” 
available are taken into account. As explained previously, extracting concentrated 
mineral resources today, implies a greater energy consumption and cost tomorrow. 
As ore grades continue to decline over time, it is important that the current re- 
placement cost is converted into money that can then be used to offset the higher 
extraction costs sure to be experienced into the future. This would entail an increase 
in the current market price of mineral commodities which could then be used to 
offset the increased extraction and beneficiation costs faced by future generations as 
they attempt to meet their needs. Such thinking is a step towards what constitutes 
a thermodynamic solution to the very much sought after intergenerational justice. 

Society is forever picking the lower hanging fruits in the hope that technology, 
sometime into the future, will facilitate a continuous cherry picking. However, 
regardless of whether Man’s innovations will someday become efficient enough or 
not, the amount of exergy needed to extract the next unit of mineral will increase. 
Hence, mineral scarcity can never be a simple yes or no, nor of how much or how 
little but rather a question of whether technology can ever offset the increasing 
amount of exergy required in mineral extraction. Apart from direct exergy costs, 
the indirect ones, i.e. those involved in repairing environmental and social damage, 
enhancing accessibility or supplying water and materials, will also rise. The problem 
of mineral depletion does not relate to its absence but rather questions the provision 
of energy and the impact of extraction on the environment. This is why it is so 
important to account for and assign fairer prices to non-renewable resources, so as 
to conserve the mineral wealth on Earth for future generations. 


17.2.8 Replacement costs, technology and conservation of 
resources 


This book has shown that it is the increasing thermodynamic rarity of minerals 
rather than their overall depletion per se that is really the problem that Man needs 
to face. Whilst rarity may be more critical for some elements than others, the costs 
of extraction, beneficiation and recovery (either economic, environmental or social) 
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will in all cases certainly increase into the future. How can Man thus decrease these 
costs? There are two alternatives: either conservation via the stopping or (slowing 
of) extraction or technological improvement. 

The concept of replacement can be used for all fuel and non-fuel minerals, regard- 
less of their chemical composition and/or concentration. Focusing on fossil fuels, 
they must be conserved by the increased employment of renewable energy sources. 
In the same way, stopping or decelerating thermodynamic rarity of non-fuel mine- 
rals will largely come from the use of greater resource-efficient techniques as already 
explained in Chap. 16 such as designing for recyclability and dissasembly, reducing 
the number of alloys used, avoiding the design of monstrous hybrids, symbiosis of 
industrial complexes, increasing the efficiency of smelters to avoid metal losses in 
slags, increasing the throughput of scrap, etc (Wernick and Themelis, 1998). The 
issue is whether it is more important to preserve minerals -here and now- or believe 
that technology will surpass any scarcity. 

Conservation means, in fact, avoided replacement. Indeed, one can associate a 
cost of replacement to each and every act of conservation, whether relating to mi- 
neral resources or any natural resource generally. The cost of replacement acts as a 
mind barrier which prevents further deliberate destructions. The more irreplaceable 
an object, the stronger the desire to conserve it - irrecoverability would need eternal 
conservation. Therefore taking into account replacement costs is a way of coming 
to terms with the debt left for future generations. 

It is also important to recognise that technological innovation is as vital as the 
conservation of resources by not extracting them. An essential fact is that replace- 
ment costs using the “best available technologies” decrease as knowledge improves 
with their evolution over time a straightforward and quantitative indicator of tech- 
nological achievements. Therefore, if the improvement of best available technologies 
is a reflex of increased embodied knowledge, one should see to what extent it de- 
creases the debt left to coming generations. Nevertheless, it is not clear whether 
any new technology, either directly or indirectly, improves efficiency in production 
processes or thus diminishes the negative balance provoked by today’s population. 
This is because of the rebound effect, in which better resource efficiencies may lead 
to increased resource usage as happened in the past with the steam engine or with 
the intense use of scarce materials triggered with the proliferation of the so called 
resources-saving-ICTs today. 

Anyhow, the concept of replacement cost apprehends both ideas: conservation 
and technological improvements. Yet conservation goes beyond repair, restoration, 
or replacement. It is a value that requires a change in lifestyle brought about 
through education. Education is an indispensable tool not just in terms of con- 
servation but also in the learning of technological innovation. Education systems 
must cope with both. In fact, an intense tech oriented society should need to be 


5 According to McDonough and Braungart (2002), monstrous hybrids are devices with high num- 
ber of different materials intrinsically difficult to recycle, i.e. highly entropic devices. 
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counterbalanced with a deep sense of conservation. Consequently, as Snow (1959) 
proposed, the Second Law of Thermodynamics ought to be placed at the core of 
literacy classes. 


17.2.9 Exergy replacement cost: a good environmental indicator? 


With exergy replacement cost one cannot measure the progress in the achievement 
of sustainability but instead towards depletion and Thanatia. It can be thus a good 
policy guide since it can quantify the annual depletion of the mineral endowment 
and explain clearly what are the measures needed to stop it or at least to slow it 
down. Effectively it is like a watch measuring the wait until death. One can always 
try to decelerate death, but one can never defy it. So how can one ensure that the 
exergy replacement cost is a good indicator? 

The OECD (OECD, 1994; Hamilton, 2004) proposed a set of criteria that all 
good environmental indicators should follow: policy relevance, analytical soundness 
and measurability. 

Concerning policy relevance, a good indicator must be: a) easy to interpret, b) 
show trends over time, c) be responsive to changes in underlying conditions and d) 
have a threshold or reference value against which conditions can be measured. 

With reference to the aforementioned criteria, the exergy and exergy cost indica- 
tors are in the authors’ opinion policy relevant. Exergy, the available energy, is easy 
to interpret since it is what laypeople call “energy”. As a matter of fact people pay 
for exergy not energy. The exergy replacement cost and the exergy cost indicators 
can show either aggregated or disaggregated trends over time just by being respon- 
sive to any kind of variation. Such variations could include degree of extraction, 
improvements in process efficiency, substitution, recycling and whichever changes in 
a given material cycle. Finally, Thanatia as a threshold provides the most suitable 
reference values to which evolutions in depletion can be measured. 

Concerning analytical soundness, indicators should be well supported in techni- 
cal and scientific terms. It is obvious that exergy indicators are strongly linked to 
the Second Law and therefore satisfy this component. 

Concerning measurability, indicators should be: a) calculated from data that 
are readily available or available at reasonable cost, b) data should be documented 
and of a known quality and c) data and indicators should be updated at regular 
intervals. 

The data for calculating the annual loss of mineral endowment includes amounts 
of extracted material together with composition and ore grade, energy consumed in 
mining and beneficiating the ore at the BoL, and the amount of metals and minerals 
dumped and dispersed at the FoL. Such information could be found, at least in 
part, in the Physical Supply and Use Tables of the U.N. System of Environmental- 
Economic Accounts (SEEA) (see Sec. 2.5.1 and Sec. C.1). The data obtained for 
exergy replacement costs is as reliable as that provided by SEEA. The calculations 
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required are easily obtainable with adequate computer programmes. That said, 
international agreements should be reached in order to update and complete both 
data and indicators as well as improve interpretations and act accordingly. Further- 
more, as exergy is an additive property, it is capable of integrating and aggregating 
additional causes of variation including how substitution, recycling and nanotech- 
nologies could positively improve the global management of mineral endowment. 
Conversely, as this cost can easily be converted into monetary units, just by multi- 
plying it by a previously agreed energy price, every country, company or mine could 
use the annual variation of extraction costs to account for the attained depletion 
level, as is shown for Australia in Sec. 13.4. 

Finally, the proposed indicators complement others, especially cradle-to grave 
ones as they close element cycles. Collectively they could provide an overall measure 
of “unsustainability” and its yearly variation, which could in turn be used as a policy 
lever. 


17.3. Main outcomes of the thermodynamic assessment of the 
mineral endowment 


With the tools developed throughout this book, the authors have undertaken a 
quantitative evaluation of the mineral endowment on Earth. This was made possi- 
ble with the information provided in Part 2, where the planet’s geochemistry was 
described, along with the resources that Man deems useful and the technological 
processes necessary to convert such resources into commodities. 

Accordingly, the calculations presented have served a threefold objective in the 
obtainment of the Earth’s mineral endowment: exergy values, exergy costs and 
finally an analysis of the planet’s exergy evolution: past, present and future. 


17.3.1 Mineral endowment exergy 


In order to have an insight as to the mineral wealth of mines, the authors have 
obtained an approximate value of the chemical exergy of each of the outer layers 
that compose the Earth, namely the atmosphere, hydrosphere and continental crust. 
The following values were calculated: 4.4 x 10?, 1.0 x 10° and 6.0 x 10°, respectively. 
Such figures provide an order of magnitude of the huge chemical wealth of the 
planet. If, by way of contrast, one calculates the chemical exergy of non-renewable 
resources, it becomes clear that concentrated stocks of minerals (fuels and non-fuels) 
contribute only to a very small fraction of the Earth’s total chemical exergy (around 
0.01%). This indicates that although the whole crust is composed by minerals, they 
are not all in practice recoverable, with only a tiny fraction potentially exploitable. 

When turning to renewable resources it has been shown in Chap. 11 that there 
are a large amount of diverse energy sources that exist but are not useable in their 
entirety due to the limits of current technology. Thus with a feasible improvement to 
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renewable energy technologies, nine times the energy consumption of the entire globe 
could be supplied. However, even when the capacity exists, such sources remain 
barely exploited, with most of them (excluding hydropower) largely untapped: less 
than 10% of geothermal and 5% of biomass, wind, tidal or solar energy potential is 
being used. This questions the idea regarding the criticality of energy scarcity. Vast 
amounts of energy are available on Earth so it seems that the depletion of fossil 
fuels should not present a problem in the medium term. That said, alternative 
energy technologies are manufactured with elements that are far from abundant. 
Moreover, as the mines with the highest ore grades have been already exhausted, the 
remaining ones need exponentially greater inputs of energy which in turn provoke 
exponentially greater impacts on the environment. Therefore, in the challenge of 
sustainable development one should account for all three aspects that come into 
play: energy, materials and the environment. 


17.3.2 Mineral endowment exergy replacement costs 


Exergy has proved to be a fair indicator if one wants to make comparisons between 
commodities. The value Man assigns to them is however very far removed from the 
results obtained using exergy alone, especially when considering non-fuel minerals. 
This explains why one needs to reassess the Earth’s mineral endowment in terms 
of exergy replacement costs. 

For this endeavour, the authors calculated the exergy replacement costs of the 
most important mineral commodities for which data was available. The “ingre- 
dients” for such a calculation correspond to the average ore grades in Thanatia 
and those in current mines together with the energy consumption associated with 
the mining and beneficiation stages of mineral production. The minerals with the 
highest exergy replacement costs, according to the authors’ calculations, are gold, 
tantalum, mercury, silver, cobalt, cadmium and tungsten. A mineral has a high 
exergy replacement cost and is thermodynamically rare when 1) the concentration 
of the mineral in the crepuscular crust is low and the difference between the ore 
grade of the current mines and that in Thanatia is high and/or 2) when the energy 
required to extract the mineral and beneficiate it is considerable (due to its physico- 
chemical complexity). 

When performing an evaluation of mineral endowment in terms of exergy re- 
placement costs, one finds that it is around two orders of magnitude greater than 
if calculated with exergy, which just goes to highlight how far human technology is 
from reversibility. Specifically, the exergy replacement cost of the known non-fuel 
mineral resources is over 8,000 Gtoe, whereas that of proved fossil fuels around 900 
Gtoe. Aluminium, potash and iron constitute the greatest “exergy bonus” in the 
crust, corresponding to 29.9%, 53.6% and 14.5% respectively of the total mineral 
wealth. This exergy bonus relates to the considerably larger quantity of reserves for 
the aforementioned minerals. An exergy cost analysis differs from a conventional 
one in which resources are evaluated in mass terms. An example of this is, even if 
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iron ore reserves are larger than those of aluminium, the greater concentration of 
the latter deposits with respect to Thanatia, make these “more valuable” from an 
exergy perspective. 

Exergy replacement costs can also provide a measure of the annual depletion 
caused “down the rainbow” through raw material extraction. In a case study in- 
volving 37 minerals, the authors examined the “down the rainbow” costs and the 
“over the rainbow” ones, t.e. the embodied exergy required in the mining, benefi- 
ciation and refining stages of mineral production. The “down the rainbow” figures 
obtained show that the degradation of the non-fuel mineral endowment in 2008 was 
equivalent to more than 5,000 Mtoe and around 4,000 Mtoe if recycling was taken 
into account. The “over the rainbow” costs meanwhile, amounted to around 1,100 
Gtoe. Such numbers highlight the elevated weight of mineral dispersion and the 
need to account for it in order to improve raw material management on a global 
scale. 


17.3.3 The exergy evolution of mineral endowment 


So as to provide a dynamic vision of mineral endowment, variable “time” was in- 
cluded in the analysis. Specifically the authors considered the following research 
questions in two case studies, Australia and the world as a whole: 1) how and at 
what rate mineral commodities have been depleted over time and 2) how would 
resources under a “business as usual scenario” be affected. This was carried out us- 
ing the well-known Hubbert bell-shaped curves employing exergy replacement costs 
instead of tonnage. This was done because exergy as a unit of measure has two ad- 
vantages. First it accounts for the quality of the assessed commodity and second all 
Hubbert Peak models can be placed into a single diagram, given that all curves are 
comparable in size. This diagram has been coined by the authors as “exergy count- 
down” and provides a snapshot of past, present and forecasted extraction rates, 
together with the available fuel and non-fuel mineral reserves. 


17.3.3.1 Case study: Australia 


Australia, which apart from being one of the most important mineral exporting 
nations in the world, is also unique in having registered ore grade trends for its 
main minerals. The evolution of the extraction and depletion of Australia’s gold, 
copper, nickel, silver, lead, zinc, iron, coal, oil and natural gas deposits throughout 
its mining history was analysed in terms of exergy replacement costs. The results 
show a degradation of 2.4 Gtoe (some 5 times its 2010 oil reserves). The Hubbert 
Peak Model revealed that the theoretical peak has been already reached for zinc 
(2010), silver (2009), gold (2007), oil (1996) and lead (1994). Copper was forecasted 
to reach its peak in 2026, natural gas in 2029, iron in 2030, nickel in 2039 and finally 
coal in 2048. It should be noted however that the fit of the lead-zinc-silver group 
was somewhat unsatisfactory. 
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Using the exergy countdown diagram, the authors have predicted that about 
64% of the principal mineral commodities produced in Australia could be depleted 
by 2050. Moreover, except for coal, iron and nickel, more than 85% of the mineral 
reserves are also expected to reach exhaustion within that timeframe, if no sig- 
nificant additional resources be found and should production continue to increase 
exponentially. 

In order to provide a monetary estimation of what it would cost to replace the 
depleted Australian mineral endowment, a preliminary analysis was carried out via 
the conversion of exergy replacement costs into their monetary equivalent through 
conventional energy prices. The results show that for 2007 Australia would have 
lost up to A$142 billion of its mineral wealth. This figure is equivalent to about 
12% of the nation’s 2007 GDP, which highlights the importance of depletion and 
the need to take it fully into account. This issue becomes even more alarming when 
one considers that the mineral resource sector contributes to less than 10% to the 
nation’s GDP. That said, it should be stressed that the conversion of exergy into 
monetary costs is not free of arbitrariness, especially given the volatility of prices. 
However, it does provide useful information and an order of magnitude as to the 
important role that mineral extraction has in the economy. 


17.3.3.2 Case study: the world 


An assessment taking into account the entire globe was a huge challenge as a signif- 
icant amount of historical information was required but not available. In order to 
overcome this, many assumptions had to be made at the expense of an important 
loss of accuracy. Hence, the obtained results are a crude estimate of the depletion 
in planetary mineral wealth since the beginning of the 20th century. 

Some 54 non-fuel mineral commodities were analysed with the results showing 
that their depletion due to extraction was equivalent to at least 100 Gtoe (more than 
half of all current world oil reserves). The mass use of iron, aluminium and copper 
has meant that these commodities have contributed the most to the degradation of 
the planet’s mineral endowment. Yet these three minerals are not the most depleted 
ones. Instead it are those of mercury, silver, gold, tin, arsenic, antimony and lead. 
With respect to conventional fossil fuels, the obtained exergy loss in the analysed 
period has been around 400 Gtoe. Of all, oil has been the most consumed (42%) 
followed by natural gas (38%) and coal (20%). 

The Hubbert Peak Model was also applied to a good number of commodities, 
assuming a minimum value, which corresponds to the published reserves and a 
maximum one, which in turn corresponds to world resources. According to the 
results, the theoretical peaks of the former have already been reached for mercury 
(1960), arsenic (1971), tin (1979), lead, (1989), gold (1994), silver (1995), cadmium 
(1996), antimony (1998), zinc (1999), zirconium (2003), manganese and wolfram 
(2007), copper and oil (2012). The theoretical peak for world resources meanwhile, 
may have been reached for mercury (1965), tin (1986) and gold (2001). The exergy 
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countdown considering the upper limit reveals that in the majority of cases, the 
peak will be reached before the end of this century with the exception of lead, iron, 
manganese, vanadium, chromium, coal and potash. 

It is worth reiterating that the Hubbert Peak Model is more an academic exercise 
than a faithful description of reality. That said, it helps to construct scenarios based 
on “business as usual”, thereby providing food for thought as to the importance of 
resource conservation. 


17.4. The spiraling tree of the elements 


In the writing of this book the authors have confirmed that rather than cycles the life 
of mineral resources behave forming spirals. As in the case of the Global Cycles of 
carbon, nitrogen, phosphorous and other elements in the geobiosphere, a Global Life 
Cycle for each metal in the technosphere has been proposed in the literature (see for 
instance, the cradle to cradle concept by McDonough and Braungart (2002) or Du 
and Graedel (2011)). Specifically, Du and Graedel (2011) quantitatively described 
the cycles of fifteen rare earth elements (for the year 2007) going from their mining to 
their in-use stocks, end-of-life and lastly the scrap recycling steps. When one thinks 
of cycles one automatically assumes that there is a closing of circles. However, an 
integrated thermodynamic view widens this perspective by contemplating the cycles 
of all the elements over the crust by classifying the actions into two generic branches: 
constructive including mining, stockpiling, manufacturing, fabrication, stocking in 
use and recycling and destructive, reactions such as dispersion, mixing, rebound and 
backfire effects. Consequently cycles can never be circles but spirals. Such spirals 
are progressively disappearing into nothing because dispersion is the opposing and 
ultimately winning force to recycling. This can be conceptually represented by the 
spiralling tree shown in Fig. 17.1. This tree is a typical fractal analogous to the 
recursive structures, common to many natural systems (Kelleher, 2007). 

Accordingly, the authors propose that the life route for each chemical element 
follows a Grand Natural Fractal Tree involving all processes related to elements, be 
they natural or manmade. An atom of a given element in a mine has yet to initiate 
its cycle. Only once it is extracted does the spiral start. The more an element 
(mineral) is mined the thicker its cycle. The cycle continues with manufacturing, 
fabrication, use, end-of-life, landfill and dissipation. Dissipation into the crust, 
hydrosphere or atmosphere is the last step. The spirals never truly end, they will 
sooner or later find their way to Thanatia. 

Mines represent the tree trunk with each branch implying a different use of an 
element. Stock-in-use is indicated by the volume a tree occupies in the techno- 
sphere. If its branch has a large radius, a given use has a greater longevity leading 
to an extended life of that element. Each stage produces wastes that can be re- 
cycled or downgraded to subsequent life-phases. Recycling can be done within the 
same branch of application or grafted into another branch. Following a number 
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Technosphere 


Geosphere 


Fig. 17.1 Spiralling tree of an element, showing its Grand Natural Cycle 


of recycling operations, the spirals thin out meaning that the element has diffused 
over the technosphere. At this point (in the final life phases) Man’s ability to 
recover the element is greatly reduced, with urban mines, should an element be 
present in sufficient (commercially recoverable) concentration, representing one of 
the last chances of salvaging from landfill. In this sense, the latter shares the trait 
of being a “provider” of minerals with the geosphere. The cycle goes thus from the 
geosphere to the technosphere when a mineral is mined, before entering Thanatia 
upon dispersal and chemical degradation (oxidation). The minerals on reaching 
this ultimate stage are only naturally recoverable over eons or following the use of 
immense quantities of commercial energy, water and reagents. Indeed, the roots of 
the tree feed the mines through sedimentary, metamorphic and igneous processes 
over geological time scales. On the contrary, technology exhausts them over human 
time scales. That said, manmade technology can accelerate or decelerate the cy- 
cles. A technologically underdeveloped society builds elementary trees consisting of 
single spirals immediately returning to Thanatia, whilst technologically advanced 
ones build intricate trees representative of the recycling processes that have been 
developed there. 

Since each element has its own tree, the periodic table would constitute a spi- 
ralling forest that grows as complex as the elements that are in use in the techno- 
sphere and as intricate as the recycling technologies that are being developed. As 
in the Earth’s biosphere, there is a diversity of volumes and forms, from trees to 
shrubs. This forest is very small when compared with the vastness of the crust, 
given that mines are very scarce. 
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Worthy of note is that at least two interactions appear in the growth of the trees 
in this forest: the rebound effect and entropic backfire both of which have signifi- 
cant impacts. The recursive nature of the rebound effect may incite an unexpected 
demand for scarce or unavailable materials, thus increasing mining extraction (caus- 
ing trunk thickening). In the second case a non-complete recycling inhibits further 
profitable exploitation of the newly produced waste, motivating further extraction 
of virgin material. A similar situation occurs in the case of downgrading as des- 
cribed by McDonough and Braungart (2002). Consequently, taking care of this 
forest by decelerating the cycles and avoiding counter-productive effects is the only 
way of slowing the irreversible drift towards Thanatia. No matter the way back, 
entropy will always increase. An important first step is recognising the wealth lost 
in converting a forest into a desert and the “price” one would have to pay in order 
to bring it back from the grave. 

In practical terms, the idea of a spiralling tree better applies to metals than to 
non-metals® and to those non-metal elements that are scarce in the crust such as 
phosphorus, selenium, iodine and noble gases. It should be noted that a quanti- 
tative spiralling tree closely resembles a vertical Sankey diagram where the mass 
volume and branches of the element in the technosphere from the mine to dissipa- 
tion are represented. Yet Sankey diagrams represent systems at a stationary state, 
whereas the spiralling tree places the emphasis on the beginning and the end-of-life 
of minerals. This is because sooner or later the destiny of a mined mineral will be 
Thanatia. The spiralling tree is thus the best representation of this book’s title and 
why it features on its cover. 


17.5 A way to cross over from the theoretical to the practical 


Replacement is the keyword in the accounting of the remaining planetary global 
resources. Yet, what is the cost of replacing those natural resources society destroys? 
Society lacks costing accounts, a fact which favours a consumerist lifestyle and 
ignores the effects of resource squandering. There is thus a need to raise awareness 
now that it has become possible to put a quantitative backbone into this debate. In 
the authors’ view, the depletion of a mineral should not be the difference between its 
world price and its economic cost of production, as economists propose, seeing as this 
is not a true indication of depletion. Instead one must talk about replacement costs. 
Hence, loss of reserves should be quantified through their replacement cost using 
current best available technologies, from the barerock to the ore grade conditions 
of the mine. The cost of replacement of any non-renewable resource and that of 
restoring deteriorated renewable resources may be thus used to account for how 
much effort society would need to make in order to close natural and manmade 
cycles. 


6Non-metals are located on the upper right side of the periodic table containing elements with 
partially filled p orbitals that easily gain electrons forming anions. 
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Accounting knowledge leaves the doors open for a global management of natural 
resources. Such knowledge could induce efforts to pay off some of the debt owed 
to future generations, even though much of it will remain, because as Asgeirsdottir 
(2004) stated: 


“The luxuries of one generation are often the needs of the next ... and, we need to 
achieve more sustainable consumption and production patterns, to increasingly 
decouple environmental pressure from economic growth, to ensure sustainable 
management of natural resources and to work together in partnership to reduce 
poverty.” 


17.5.1 From SEEA to a global system of environmental-thermo- 
economic accounts 


If replacement can be calculated and registered for almost any of Man’s actions, an 
international framework to provide concepts, definitions, classifications, accounting 
rules and standard tables for all countries could be built. The UN’s System of 
Environmental-Economic Accounts (SEEA) may well provide such a framework. 
As previously explained in Sec. 2.5.1, the System of National Accounts (SNA) is 
an established system for producing internationally comparable economic statistics 
which imposes organisation and standardisation of domestic accounts. It is widely 
accepted and established worldwide. Companies and countries report economic and 
physical data following the established accounting procedure and BSOs (Bureaus of 
Statistical Office) integrate them. It is a huge infrastructure. From households to 
companies and to countries, these accounts are presented in monetary values with 
the SEEA following the accounting structure of the SNA which thus facilitates the 
integration of environmental statistics with economic accounts. Each national BSO 
needs to take responsibility for the environmental data recovery and environmental- 
economic accounting practice. 

The reader has seen that for constructing the physical tables needed for SEEA, 
the information recovered is rather poor since simply registering material tonnage 
is not sensitive enough for qualifying most of the physical phenomena. The ag- 
gregation level of accounting determines the yardstick to be used in the accounts. 
Monetisation runs well from households to companies. However money is not a good 
unit either - at national level it has proved insufficient for economic-environmental 
accounts whilst at the aggregated global level accounts, money losses weight in 
favour of physical accounts. Actually, for the proper viewing of the planet’s evolu- 
tion, monetary accounting is not only insufficient but inappropriate. 

Thus whilst the SEEA is a good starting point, it should be in the authors’ opin- 
ion further developed into a Global System of Environmental-Thermo-Economic 
Accounts (SETEA), where exergy replacement costs are embedded in the SEEA 
framework. In the same way that the System for National Accounts has smoothly 
evolved into the SEEA, someday it would be possible to have complementary ac- 
counts for natural resources replacement costs into the framework of SEEA. Future 
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generations will surely be grateful for such accounts. Yet a major intellectual effort 
needs to be undertaken from the concepts stated here. In the end, however, the 
real overall accounting unit will be the residence time of the human species on the 
planet (Valero and Valero D., 2012a, 2013). 


17.5.2 Appeal to the UN and the EU by thermodynamic 
researchers 


As a final message, a group of concerned scientists who attended the 12th biannual 
Joint European Thermodynamics Conference, held in Brescia, Italy, from July 1-5, 
2013, launched an Appeal to the UN and the EU calling for a better preservation 
of the Earth’s resources endowment and the use of the laws of Thermodynamics for 
the assessment of energy and material resources as well as the planet’s dissipation 
of energy. The following statement, first published in IJOT (2013) was signed 
by thirty one distinguished scientists who are using and developing the laws of 
Thermodynamics. 


Climate change and mineral resource depletion are two of the major challenges 
humanity is faced with, and are interlinked. The United Nations comprehensively 
addressed the former a few decades ago by setting up the United Nations Program 
for Environment and the Framework Convention on Climate Change, of which the 
International Panel on Climate Change is an offspring. The above initiative can 
be seen as response model, which mobilises the scientific community so as to 
provide ideas, tools, propositions, etc in the combat against climate change. 


The depletion of mineral ores and of energy resources (as illustrated by the con- 
sumption of non-recycled rare earths and other minor metals), meanwhile, has 
become a major concern more recently since there is a growing awareness that it 
threatens present-day human civilization. 


The laws of thermodynamics provide the central framework for the assessment 
of the use of energy and material resources as well as the Planet’s dissipation of 
energy. Such laws can be used on a system’s level, as well as on smaller scales. 


In the quest for a better preservation of the Earth’s resources endowment, we 
scientists, familiar with the power and possibilities of these laws, appeal to or- 
ganisations of the international community for worldwide action and urge the UN 
and EU to ensure that proper attention is given to the analysis and evaluation of 
systems using non-renewable energy sources and minerals. 


Sustainability is a journey, Thanatia a destination 


Antonio Valero and Alicia Valero, January 2014 
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Appendix A 


Materials in “Green” Technologies 


A.1 Mobile phones and ICTs 


The three key physical elements in information technology and communications 
are computers, flat screen displays and mobile phones. Regardless of which green 
technology is developed now or into the future, electronic systems automation, in- 
formation, networking and communications should be the basis of green investment 
and a green economy. 

Yet there are intrinsic problems with this on the basis of the minerals and 
raw materials they require to operate. Hard disk computer drives for instance are 
powered by micro-motors which contain permanent magnets containing neodymium, 
praseodymium and dysprosium. Tin-indium oxide meanwhile is used in coatings for 
flat-panel displays and touch screens. Yttrium, terbium and europium are used as 
phosphors in televisions and LCD screens. Large capacity batteries like lithium- 
ion or NiMH, use metals like nickel, cobalt or manganese combined either with 
lithium or lanthanum, cerium, praseodymium, neodymium or other rare earths 
(mischmetal). 

In addition, around one billion mobile phones are sold every year. A typical 
mobile may contain up to 9 mg Pd, 24 mg Au, 250 mg Ag, 9 g Cu, 3.5 g Co 
(batteries), Ta (capacitors), Sn and In (TFT). Their electronic circuits constitute 
one-third metal, one-third ceramic and glass and one-third plastic. The base plate is 
made of an epoxy resin electrolytically coated with gold foil. Its circuitry can contain 
Cu, Au, As, Ga, Cd, Pb, Ni, Pd, Hg, Mn, Li, Be, Br, Ag, Zn, Ta and even Ir, in ad- 
dition to adhesives and coatings. The most modern screens may contain mercury or 
indium tin oxide. Its rechargeable batteries are the most polluting aspect; they can 
contain Cd, Cu, Co, Mn, Ni, Zn, Cu, REE, and/or Li among others. The charger 
contains mostly Cu, but also Cd and Au (Fishbein, 2007; Ayres et al., 2011). Indeed 
a tonne of phone holds between 10 and 30 times more gold than that in the mines 
currently being exploited. 

The dark side of mobile technology is its lack of recycling (less than 2-3%’), since 


7 According to Nokia. 
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in many places it is currently very expensive, not to mention energy intensive. Yet 
according to Nokia’s Director of Environmental Affairs, Markus Terho®: “If each 
of the three billion people globally owning mobiles brought back just one un-used 
device one could save 240,000 tonnes of raw materials and reduce greenhouse gases 
to the same effect as taking 4 million cars off the road.” 

Most phones unfortunately end up in landfill where their heavy metals corrode 
before being released into the environment, where they persist for a long time. 
In the case of lead for example, damage can be done to the liver and kidneys 
and neurological problems can be generated in children. Lithium metal presents 
another potential problem because although not toxic, it is known to cause difficult 
to extinguish fires in landfills, should it come into contact with water. This is a 
prime example of e-waste. 

E-waste is an emerging issue in the developing world with first world e-waste 
steadily presenting a new environmental catastrophe. Agbogbloshie, near Accra, 
Ghana’s capital, is a striking example of a “digital dumping ground” where some 
150,000 tonnes found their way there in 2008 (Koranteng and Darko, 2008). A 
thriving marginal business has subsequently developed consisting of extracting the 
metals by hand and without adequate, or even any form of protection?. 


A.2 Electric and hybrid vehicles 


The 2005 global vehicle fleet consisted of about 600 million light vehicles, 250 mil- 
lion heavy vehicles and about 270 million motorcycles (Walsh, 2005). Virtually 
100% were powered by liquid fuels of petroleum origin. Should a global transition 
to hybrid (HEV) and electric vehicles (EV) occur, it would entail a sharp demand 
increase for new “green” materials, in particular those that facilitate lightweight 
and efficient electric storage. Those materials in conventional vehicles such as steel, 
plastic, aluminium, rubber, glass and copper also need to be considered. Plastic 
makes up as much as 50% of the complete volume of new car models (Killinger, 
2009). In terms of metals and according to USGS (2011a) an average automobile 
contains a tonne of iron and steel, 110 kg of aluminium, 23 kg of carbon, 19 kg 
of copper, 19 kg of silicon, 9 kg of zinc, and more than thirty other mineral com- 
modities, including titanium, platinum, and gold. Aluminium, the third most used 
material in car manufacturing, can make up to 9% of the vehicle weight with many 
models now containing as much as 200 kg of finished aluminium. To reduce weight, 
magnesium is usually alloyed with aluminium. Pollock (2010) estimates that, for 
an average vehicle, each 22.5 kg weight reduction represents a 1% fuel saving. The 


8See http : //press.nokia.com/2008/07/08/global — consumer — survey — reveals — that — 
majority — of — old — mobile — phones — are — lying — in — drawers — at — home — and 
not — being — recycled/. Accessed July 2012. 

°See: http : //www.tertually.org/textually/archives/cat_cell_phone_recycling.htm. Ac- 
cessed July 2012. 
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high amount of energy needed to produce primary aluminium from alumina will 
impose an increase in the use of secondary aluminium as was seen in Chap. 8. 

After aluminium, rubber for tyres and other minor parts like engine mounts, 
seals, hoses and belts, is the next most commonly used material in vehicle manu- 
facture. Indeed around 75% of the world’s rubber production is used for vehicle 
tyres, and they are so integral to vehicle function and performance that about 20% 
of a car’s fuel consumption corresponds to them directly!°. Rubber consumption 
within the automobile industry utilises approximately 79% new rubber. Of the new 
rubber some 57% is synthetic and a smaller proportion is natural. Natural rub- 
ber is obtained from latex whilst artificial rubber comes from the polymerisation 
of monomers such as 1-3 butadyene. Both need to be vulcanised to create a more 
durable material. This is done with chemical additives like sulphur that cross-link 
the individual polymer chains with sulphur atoms. Such rubber is however not 
easily recoverable or recyclable (Kumar and Nijasure, 1997). 

According to the tyre manufacturer Continental (Continental, 1999) the vulcan- 
isation process leaves about 4 g of zinc oxide, 2.3 mg of cadmium oxide and 11 mg 
of lead oxide per tyre, that later become dissipated either in its use and/or disposal. 
Considering that scrap tyre generation accounts for some 3.2 thousand tonnes per 
annum solely in Europe, this is by no means a negligible amount (Reschner, 2008). 
And contrary to most metals, rubber cannot be recycled to produce new rubber 
with down-cycling the only alternative to date. This means that tyre production 
levies an important pressure on natural resources. 

Glass is the fifth most used material in vehicles!!. The world’s demand of flat 
glass in 2007 was estimated at around 44 Mt. On average, the world consumes 6 
kg of glass per person per annum with China, Europe and United States presently 
covering around 80% of the worldwide demand!”. Its production thus entails large 
levels of energy consumption, important GHG emissions and the use of key ma- 
terials!’ Remelting recycled glass represents a 25% energy saving with respect to 
producing glass from raw materials!+. 

For safety and security reasons, road vehicle manufacture requires special lami- 
nated glass in windscreens, which involves the placing of a polymeric material be- 
tween two or more glass layers. Cerium (IV) oxide is an important component that 
absorbs UV radiation whilst remaining transparent to visible light. Consequently 
Ce, supplied predominately in China, is a component of the windows and mirrors 
of new vehicles. It is also used in catalytic converters to reduce vehicle emissions. 


10See http://www.industrialrubbergoods.com/rubber-tire.html, Accessed, Aug. 2012 

11 After the construction industry, the automotive industry represents the largest demand, ac- 
counting for 15-20% of the market. 

2See hitp : //www.age — flatglass.com/AGC — Flat — Glass/English/About — us/Glass — 
market/page.aspx/1372. Accessed Aug. 2012. 

13s an example, Glass for Europe obtained a primary energy demand of 17.2+2.2 MJ per kg 
of float glass, and a global warming potential of 1.25+0.03 kg of CO2 equivalent. See http : 
//www.glass foreurope.com/en/issues/life — cycle — analysis.php#4. Accessed Aug. 2012. 
M4See http: //www.britglass.org.uk/industry. Accessed Aug. 2012. 
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Lastly, phosphating is a steel pretreatment providing corrosion resistance and 
surface improvement which facilitates the application of spray paint on a chassis. It 
involves a dilute solution of phosphoric acid mixed with zinc and iron phosphates 
being sprayed on the steel surface at 45-55°C. The mixture reacts with the iron, 
and forms a crystallised coat of Zng(POx.)2 and FeZn2(PO.)2, serving to prolong 
the life of the vehicle by anything between 5 to 10 years. Given that phosphorus is 
one of the most critical elements for the sustenance of life, prone to shortage with 
no known replacement, the sustainability and the necessity of this practice must be 
questioned. 

Returning to the HEV specifically, in weight terms, a typical car battery pack 
contains 10-15 kg of lanthanum. About 1 kg of neodymium is used in the permanent 
magnets (PM). All electric motors are driven with PMs, with as of yet no possible 
alternatives due to the minimal weight and space requirements. Electric bicycles 
also use PM motors and batteries. Even if their power is less than 1 kW, the IEA 
(2010b) projects a demand of 101 million electric bicycles by 2020. 

To illustrate the seriousness of this issue, the authors use the most recognised 
hybrid vehicle, the Toyota Prius. 

According to Molycorp", the Prius HEV of 55 kW traction motor contains per- 
manent magnets with Nd, Pr, Dy and Tb in the hybrid electric motor and generator, 
more than 25 micro-electric motors powered with NdFeB magnets throughout the 
vehicle’s power adjustable seats, windshield wipers, power windows and power steer- 
ing systems. La and Ce are located in its hybrid NiMH battery, Ce in its glasses 
and mirrors, Fu, Y, Ce in its liquid crystal screen, Y in its component sensors, Nd 
in its headlight glass, Ce, Zr and La in its catalytic converter, whilst Ce and La 
are utilised as a diesel fuel additive. 

As all vehicles, not just the Prius, become steadily more electrically driven, the 
need for electric storage and high power ratings increases. Plug-in hybrid vehicles 
(PHEV) and electric vehicles (EV) must in turn use lithium-ion batteries instead of 
NiMH ones. Gaines and Nelson (2009) estimated that the need for lithium ranges 
between 3.4 and 12.7 kg for a 100 mile EV battery autonomy. Such batteries are 
light and have a high energy density (0.11 to 0.30 kg/kWh). According to Garcfa- 
Olivares et al. (2012) if today’s entire transport fleet could be converted into EVs 
using lithium ion batteries over the next thirty years, some 8 Mt of Li would be 
used in the transport sector alone. 

The estimated lithium resources vary considerably depending on the source - 
Tahil (2008); USGS (2011b) and Gruber et al. (2011) assign 19.2 Mt, 33 Mt, and 
38.68 Mt, respectively. The estimated reserves also vary with Tahil (2008) stating 
4.6 Mt whilst the USGS (2011b) place them at 13 Mt. 

The data provided by Gruber et al. (2011) comes from the analysis of 103 de- 
posits consisting of brines, sedimentary rock or pegmatites. The highest three de- 


15http://www.molycorp.com/products/rare-earths-many-uses/advanced-vehicles. Accessed Aug. 
2012. 
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posits account for a total of 22.4 Mt (Uyuni Bolivia, brine, 10.2Mt, Atacama Chile, 
brine 6.3 Mt and Kings Mountain Belt United States, pegmatite 5.9 Mt). There is 
thus enough lithium available to cover demand throughout the 21st century. The 
ocean also contains enormous amounts of lithium which cannot be extracted due 
to issues relating to economic feasibility, as opposed to any real level of geological 
scarcity. 


A.3 Energy saving in lighting 


Around 18-20% of world’s electricity production is used for lighting, a sector which 
is undergoing an important transition whereby traditional incandescent light bulbs 
are rapidly being substituted worldwide by the more efficient fluorescent types - 
the compact (CFL) and the linear (LFL). According to IEA (2011a) a shift from 
incandescent lamps to CFLs, as already has occurred in the EU following the phasing 
out of non-unidirectional incandescent lamps (EC, 2008) would cut world lighting 
electricity demand by 18%. 

Whilst both generate definite energy savings, the problem with the efficient 
triband phosphor CFL and LFL is their rare earths content. A CFL contains 
between 1.1 and 1.5 g of phosphor, which in turn is composed by the following 
REE: La, 8.5%; Ce, 20%; Eu, 4.5%; Tb, 5% and Y, 62% (DOE, 2011). All are used 
for fluorescent lamps and for liquid crystal displays. The first two produce visible 
white light. Yttrium is used as a red phosphor for TV screens, while europium 
activates yttrium-based phosphors in conventional television and LCD screens. All 
elements due to their scarcity are consistently more expensive and show steep price 
increases. Three of them: yttrium, terbium and europium have no known substitute 
as phosphors. 

CFLs do however offer, somewhat paradoxically, the opportunity for recycling 
due to the small amounts of mercury that they contain (4.0 mg per bulb in av- 
erage). This is something which could potentially open the door for phosphors 
recycling too. Should recycling prove difficult, an alternative to CFLs are the Light 
Emitting Diodes (LEDs) which are even more energy efficient and durable with a 
rare earth content one or two orders of magnitude lower than that found in a CFL. 
Unsurprisingly therefore, LEDs are rapidly substituting CFLs. 
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Appendix B 


Geochemistry and Main Uses of Minerals 


B.1 Main groups of minerals found in Nature 


Some of the main groups found in Nature are briefly discussed next, indicating 
which principal minerals are included in each group. The information has been 
primarily extracted from Mason (1966). 


B.1.1 The silica minerals 


Silica (SiO2) occurs in nature as five distinct minerals: quartz (including chal- 
cedony), tridymite, cristobalite, opal and lechatelierite or silica glass. Of these, 
quartz is very common, tridymite and cristobalite are widely distributed in vol- 
canic rocks and can hardly be called rare; opal is not uncommon and lechatelierite 
is very rare. 


B.1.2 The feldspar group 


Feldspars are the most common of all minerals. Their general formula is 
X Al(Al, Si)Si2Og, with X representing Na, K, Ca, and Ba. They are closely 
related in form and physical properties and fall into two groups: the potassium 
(orthoclase, sanidine and microcline) and barium feldspars, which are monoclinic 
or very nearly monoclinic in symmetry and the sodium and calcium feldspars (pla- 
gioclases), which are triclinic. The barium-containing feldspars are very rare and 
are thus not important rock-forming minerals. In the plagioclase subgroup, albite, 
oligoclase, andesine, labradorite, bytownite and anorthite are the most important 
minerals. 


B.1.3 The pyroxene group 


The pyroxenes are a group of minerals closely related in crystallographic and other 
principal properties, as well as in chemical composition. They crystallise in two 
different systems, orthorhombic and monoclinic. Pyroxenes have the general for- 
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mula XY (Si, Al)2O¢ (where X represents Ca, Na, Fet? and Mg and more rarely 
Zn, Mn and Li. Y represents ions smaller in size, such as Cr, Al, Fet?, Mg, 
Mn, Sc, Ti, V and even Fet?). On the basis of chemical composition and crystal 
structure, the following species are recognised: enstatite and hyperstene (both or- 
thorhombic), augite, clinoenstatite, clinohypersthene, aegirine, diopside, pegeonite, 
jadeite, spodumene, pigeonite or hedenbergite (all monoclinic). 


B.1.4 The amphibole group 


The amphibole group comprises a number of species and although falling both in the 
orthorhombic and monoclinic systems, they are all closely related in crystallographic 
and other physical properties, as well as in chemical composition. They form isomor- 
phous series and extensive replacement of one ion by others of a similar size can take 
place, giving rise to very complex chemical compositions. The difference in chemical 
composition between compounds of the amphiboles and corresponding compounds 
of the pyroxenes is not significant. A general formula for all members of the for- 
mer can be written in the following manner: (W, X,Y )7~s(Z4011)2(O, OH, F)a, 
in which the symbols W, X, Y, Z indicate elements with similar ionic radii and 
thus can replace one another. W stands for Ca, Na and K; X represents Mg and 
Fet? (sometimes Mn); Y is indicative of Ti, Al and Fe*?; and Z of Si and Al. 
The main amphibole minerals are tremolite, actinolite, cummingtonite, hornblende, 
glaucophane, arfvedsonite or riebeckite. 


B.1.5 The olivine group 


The minerals of the olivine group are silicates of bivalent metals and crystallise in the 
orthorhombic system. The composition of olivine generally corresponds closely to 
(Mg, Fe)2SiO., with limited substitution. Typical olivines are: forsterite, fayalite, 
olivine, tephroite, monticellite, glaucochroite and larsenite. 


B.1.6 The mica group 


The minerals of the mica group have the easily recognisable perfect basal cleavage 
in common. The composition of individual specimens may be very complex but 
a general formula of the type W(X, Y)2-3Z4010(OH, F’)2 can be written for the 
group as a whole. In this formula W is generally kK or Na, X and Y represent 
respectively Al, Li, Mg, Fe?+, and Fe?+; Z represents Si and Al, the Si:Al ratio 
being generally about 3:1. Some of the main mica minerals are biotite, muscovite, 
paragonite, phlogopite and lepidolite. 
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B.1.7 The chlorite group 


The chlorites are a group of phyllosilicate minerals. Chlorites can be described 
by the following four end members based on their chemistry via substitution of 
Mg, Fe, Ni and Mn in the silicate lattice: clinochlore (MgsAl)(AISiz3)O19(OH)s, 
chamosite (Fes Al)(AlSiz3)O19(OH)s, nimite (Nis Al)(AISiz)O10(0OH)s and pen- 
nantite (Mn, Al)g(Si, Al)sO190(OH)3. The formula that represents the group is 
(Mg, Fe)3 (Si, Al)sOi0(OH)2 -(Mg, Fe)3(OH)s. The main chlorite minerals, be- 
sides those mentioned above, are clinochlore, ripidolite, pennantite, orthochamosite, 
thuringite or penninite. 


B.2 Main uses and geochemistry of the most commonly produced 
minerals 


The minerals of each element found in the upper continental crust are briefly des- 
cribed below, with their main uses, terrestrial abundance and distribution identi- 
fied. Most of the information regarding uses, principal minerals and ores has been 
extracted from the following geochemical books: Wedepohl (1969, 1971); Green- 
wood and Earnshaw (1984); mineral books and databases: Hey (1975); Duda and 
Reijl (1986); Encyclopedias: Ullmann and Gerhartz (2002) and Wikipedia; Spe- 
cialised Web pages: the Geochemical Earth Reference Model!® (Staudigel et al., 
1998; Jolyon, 2007; Barthelmy, 2007) and Rare Earth Elements!’; from commod- 
ity databases: USGS (Various years); BGS (2005); technical reports: (IPPC, 2009, 
2001); and papers: Gibson and Parkinson (2011); Gupta and Krishnamurthy (1992). 


B.2.1 Aluminium 


Aluminium is the most abundant metal in the Earth’s crust. It is a major con- 
stituent of many common igneous minerals, including feldspars and micas. It is a 
very reactive metal and thus requires a lot of energy to extract it from its ore, baux- 
ite, which is composed predominately of the minerals gibbsite Al(OH)3, diaspore 
AlO(OH) and boehmite AlO(OH). Recovery of secondary metal from scrap deliv- 
ers important energy savings. Currently about 50% of its production comes from 
recycled Al. Aluminium has the following properties: it is a light, malleable, duc- 
tile, easily machined and strong. It has excellent corrosion resistance and durability. 
Some of the many uses for aluminium can be found in transportation (automobiles, 
aircraft, trucks railcars, marine vessels, etc.), packaging (cans, foil, etc.), transmis- 
sion lines, machinery, mirrors, cooking utensils and water treatment. 


16http://earthref.org/GERM. 
'Thttp : //rareearthelements.us/the_17 elements. Accessed Jan. 2014. 
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B.2.2 Antimony 


Antimony is a semimetallic chemical element increasingly being used in the semi- 
conductor industry. 

Stibnite Sb2S3 its most important ore and occurs in large quantities in 
China, South Africa, Mexico, Bolivia and Chile. Other sulphide ores include 
ullmanite NiSbS, livingstonite HgSb4Sg, boulangerite PbsSb4511 or jamesonite 
FePb4SbgS 14. Small amounts of oxide minerals formed by weathering are also 
known. Considerable amounts of Sb are obtained as a byproduct derived from lead 
and copper refining and especially from the mining of galena. As an alloy, anti- 
mony increases lead’s durability and mechanical strength. Its compounds are used 
to make flame-proofing materials, paints, glass and pottery. 


B.2.3. Arsenic 


Arsenic is a semi-metallic poisonous element. Its minerals are widely distributed 
throughout the world. Small amounts of the free element have also been found. 
Most is found in conjunction with ores containing sulphur such as realgar As4S4, 
orpiment As253, and the oxidised form of arsenolite As2O3. No quantities are 
however mined as such given that it is produced as a byproduct of other metal 
production including that of iron, copper, cobalt or nickel. The main economic 
source of As is arsenopyrite F'eAsS. It can be also recovered from loellingite F'eAso2, 
safflorite CoAs, nickeline NiAs, cobaltite CoAsS, gersdoffite NiAsS or enargite 
Cuz AsS4. 

Arsenic compounds are used as insecticides to protect fruit trees, as wood preser- 
vatives, in the making of special types of glass and lately, in the semiconductor 
gallium arsenade, which has the ability to convert electric current to laser light. 
Many other historically used compounds have fallen out of favour due to their toxic 
and highly reactive nature. 


B.2.4. Barium 


Barium is an alkaline-earth metal that is chemically similar to calcium. It is rather 
abundant. Its chief mined ore is barite. A subsidiary mineral is barium carbonate 
witherite, BaCO3. 

Barium and its compounds have many industrial uses. Barite, BaSO,, for 
instance, is extremely important for the petroleum industry, which accounts for 
more than 85% of its consumption and where it is used as a weighting agent in 
petroleum well-drilling. Barium-nickel alloys are used for spark-plug electrodes 
and in vacuum tubes as drying and oxygen-removing agents. Barium nitrate and 
chlorate give fireworks their green colour. Other compounds are used to make 
bricks, tiles, glass or rubber. 
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B.2.5 Beryllium 


Beryllium is a light alkaline-earth metal and has one of the highest melting points 
of any light metal. It is relatively scarce occurring as bertrandite Be, Si2O7(OH)2, 
beryl Be3AlgSigO 1g, chrysoberyl Be Al2O, and phenakite Be2SiO4. Precious forms 
of beryl are aquamarine and emerald. 

The element is used as an alloying agent in the production of beryllium-copper. 
Be — Cu alloys are used in many applications due to their electrical and thermal 
conductivity, high strength and hardness and good stability over a wide temperature 
range. Some of them are applied in the defence and aerospace industries, in the 
field of X-ray detection diagnostics and in the manufacture of computer equipment. 


B.2.6 Bismuth 


The most important ores of bismuth are bismuthinite BizS3, bismutite (BiO)2CO3 
and bismite B,03. Bismuth metal occurs naturally by itself and is also found as 
crystals in the sulphide ores of nickel, cobalt, silver and tin. Its main commercial 
source is derived as a byproduct of lead-zinc and copper plants. 

Bismuth is used as a metallurgical additive for casting and galvanising, in the 
manufacture of low melting solders and fusible alloys. It is also a low toxicity bird 
shot and used in fishing sinkers. Additionally, it finds limited application in the 
pharmaceutical industry. 


B.2.7 Boron 


Boron is a non-metallic element and the only non-metal of Group 13 of the periodic 
table. More than 200 minerals contain boron but only a few are of commercial 
importance. Boron is usually found combined in tincal Na2B4O7 -10H2O (natural 
borax), sassolite H3BOs (natural boric acid), colemanite Caz Bg011-5H20O, kernite 
NazB,07-4H20, ulexite NaC'aB;O9-8H20 and boracite Mg3B7O13Cl. Only four 
minerals make up almost 90% of the borates used by industry worldwide: borax, 
kernite, colemanite and ulexite. 

The most economically important compound of boron is borax, used for in- 
sulating fiberglass and sodium perborate bleach. Boric acid is also an important 
compound used in textile products. Other uses include synthetic herbicides and 
fertilisers, porcelain enamels, detergents, soaps, cleaners and cosmetics, catalysts or 
for corrosion control. 


B.2.8 Bromine 


Like chlorine, the largest amount of bromine is found in the oceans. Salt lakes 
and brine wells are also extremely rich sources of bromine. It occurs in Nature as 
bromide salts in very diffuse amounts contained in crustal rock. 
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Bromine is a brownish-red liquid at ambient temperature and is used in industry 
to make organobromo compounds. These compounds find application as insecti- 
cides, in fire extinguishers, water purification, flame retardants, pharmaceuticals, 
fumigants, dyes or photography. 


B.2.9 Cadmium 


No cadmium ore is mined for the metal, because more than enough is produced 
as a byproduct of the smelting of zinc from its ore, sphalerite (ZnS), in which 
greenockite, CdS, is a significant impurity making up as much as 3%. 

Cadmium is used as a protective coating for iron and steel, as a pigment and as 
a stabiliser for plastics. Its main application (about three-fourths of its production) 
however involves Ni — Cd batteries. 


B.2.10 Calcium 


Calcium is a silvery white metal belonging to the alkaline earth group. It is the 
fifth most abundant element in the Earth’s crust and the third most abundant metal 
after Al and Fe. Vast sedimentary deposits of limestone CaC'O3, which represent 
the fossilised remains of earlier marine life, occur over large parts of the Earth’s 
surface. Other important minerals are gypsum CaSO, -2H2O, anhydrite CaSOuz, 
fluorite CaF, and apatite Cas(PO4)3F. 

The metal is used as a reducing agent in the extraction of other metals, as a 
deoxidiser, desulphuriser and decarboniser in the manufacture of many steels, as a 
separating material for gaseous mixtures, as an alloying agent used in the production 
of aluminium, beryllium, copper, lead and magnesium alloys as well as in the making 
of cements and mortars to be used in construction. Calcium compounds are used 
in a wide variety of applications such as insecticides, the manufacture of plastics, 
as an additive in food and vitamin pills, as a disinfectant, as a fertiliser, in paints, 
lights and X-rays. 


B.2.11 Carbon 


Carbon is a non-metallic element that forms more chemical compounds than any 
other element except hydrogen. The major economic use of carbon not in living 
material or organisms is in the form of hydrocarbons. It occurs both as the free 
element (graphite, diamond) and in a combined form, mainly as the carbonates of 
Ca, Mg. It also occurs as CO2, a minor but very important constituent of the 
atmosphere, which is known to contribute significantly to the greenhouse effect. In 
addition, carbon is widely distributed in the organic form of coal and oil. 

The free element has a lot of uses, including jewellery (diamonds), as a black 
fume pigment in automobiles rim, printer ink, for pencil tips, dry cell and arch 
electrodes and as a lubricant. Carbon dioxide is used in drinks, in fire extinguishers 
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and in a solid state, as a cooler. Carbon monoxide is used as a reduction agent 
in many metallurgic processes. Other carbon compounds are used as solvents, in 
cooling systems, for welding and the cutting of materials. 

The recently isolated graphene undertaken by A. Geim and K. Novoselov at the 
University of Manchester in 2003, is a one-atom thick sheet of graphite. It is one of 
the strongest materials known to Man but is flexible, transparent, chemically inert 
and biocompatible. It is an outstanding conductor of heat and electricity and is 
made of carbon - a very abundant element in the Earth’s crust. Its applications are 
expected to soar in many ICT systems like new elastic, light and reinforced screens 
for mobile phones, touch screens and TVs. It is also expected to substitute copper 
wires for light and efficient graphene electricity conductors, or in denser and faster 
integrated circuits, to name a few applications. Its capacity for substituting many 
mass used scarce metals in today’s ICT appliances gives new hope to the issue of 
metal criticality. Graphene is thus a clear case of technological achievement!®. 


B.2.12 Cerium 


Cerium is a silvery metallic element, belonging to the lanthanide group. Although 
cerium forms part of the REE, it is not rare at all, since it is easily separated from 
REO mixtures. In fact it is the most common rare earth and is more abundant 
than lead. It is commonly found in orthite, monazite, bastnaesite, rhabdophane or 
in zircon. 

It is an efficient polishing agent in glass, metals, jewellery and electronics. 
Cerium (IV) oxide is used in auto catalytic converters to oxidise CO emissions, 
or as a catalyst for self-cleaning ovens. Cerium compounds are also used as cata- 
lysts in petroleum refining. In compact fluorescent lamps, cerium is responsible for 
the green light. Cerium (IV) oxide bestows high transparency to glass and low re- 
flectance to UV light. Associated with other REE, it is used in the motion picture 
industry to provide carbon arc lighting. Cerium is also used as an alloying element 
with iron, aluminium and magnesium. By 2015 cerium is expected to constitute a 
40% share of the global REE supply. 


B.2.13 Cesium 


Cesium is the most electropositive and least abundant of the five naturally occur- 
ring alkali metals. The most important use for cesium has been in research and 
development, primarily in chemical and electrical applications. 

Cesium occurs as the hydrated aluminosilicate pollucite but the world’s only 
commercial source is at Bernic Lake, Manitoba. Cesium is mainly obtained as a 
byproduct of the Li industry. 


18See http : //www.graphene.manchester.ac.uk/. Accessed Jan. 2013. 
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B.2.14 Chlorine 


Chlorine is the most common element of the halogens. In pure form, it is a green- 
yellow diatomic gas. In nature meanwhile, it is found in the form of halite NaCl, 
carnallite KCl and sylvite K MgCl3 - 6(H2O). Nevertheless, it is so abundant in 
the ocean, that it is here and in underground brine deposits where it is extracted 
for commercial uses. 

Chlorine is very reactive and combines with nearly all other elements. It is 
used in water purification, disinfectants, in bleach and in mustard gas. Chlorine is 
also used extensively in the manufacture of many products directly or indirectly, 
i.e. in paper product production, antiseptics, food, insecticides, paints, petroleum 
products, plastics, medicines and so on. 


B.2.15 Chromium 


Chromium is a hard transition metal. Its only ore of any commercial importance is 
chromite FeCr2O4. Other less plentiful sources are crocoite PbCrO, and chrome 
ochre C'r2O03, while the gemstones emerald and ruby owe their colours to traces of 
chromium. 

In iron, steel and nonferrous alloys chromium imparts hardness and resistance to 
both corrosion and oxidation. The use of chromium to produce stainless steel and 
non-ferrous alloys are two of its more important applications. It finds application as 
a dye and/or paint in the production of synthetic rubies, as a catalyst in the dyeing 
and tanning of leather. It is also used to make moulds for the firing of bricks. 


B.2.16 Cobalt 


Cobalt is a hard ferromagnetic, silver-white transition metal. More than 200 ores 
are known to contain cobalt but only a few are of commercial value. The more 
important are the arsenides and sulphides such as smaltite, CoAs2, cobaltite CoAsS 
and linnaeite Co3$4.These are invariably associated with nickel and also with copper 
and lead. Subsequently, Co is usually obtained as a byproduct or coproduct of these 
metals. 

The largest use of cobalt is in the superalloys, which are used to make parts 
of gas turbine aircraft engines. Cobalt is also used in corrosion resistant alloys, 
high-speed steels, cemented carbides, in magnets and magnetic recording media, as 
catalysts for the petroleum and chemical industries and as a drying agent for paints 
and inks. 


B.2.17 Copper 


Copper is found mainly in its sulphide, oxide or carbonate forms. Its major ores 
being copper pyrite (chalcopyrite) CuF'eS2, which is estimated to account for about 
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50% of all Cu deposits; copper glance (chalcocite) CuzS; cuprite Cu2O and mala- 
chite Cu2CO3(OH)2. Bornite CusFeS4, azurite Cu3(CO3)2(OH)2 and covellite 
CuS represent some of its minor ores. Native copper is found occasionally. 

Copper is one of the coinage metals with gold and silver because of its former us- 
age. It is an excellent conductor of heat and electricity and therefore is a key metal 
in the electric and electronic industry. Electrical uses of copper can be found in 
power transmission and generation, building wiring, telecommunication and elec- 
trical and electronic products. All these account for about three quarters of its 
total use. Further applications of copper are in construction, including roofing and 
plumbing and in industrial machinery such as heat exchangers. It is also used in 
the manufacture of brass and is commonly alloyed with zinc, tin, nickel, lead and 
aluminium. 


B.2.18 Dysprosium 


Dysprosium is a key alloying component (up to 3-6%) of Nd — Fe — B permanent 
magnets. It is used to improve their corrosion resistance and raise coercitivity which 
avoids any demagnetisation occurring in moderately high temperature working mo- 
tors. It also increases strength and corrosion resistance. Alloyed with terbium, 
it makes up Terfenol-D which is in turn used for multiple applications in sensors, 
transducers and actuators. Thanks to dysprosium’s high magnetic susceptibility it 
is also used in data storage applications. Dysprosium oxide-nickel cermets are used 
in control rods for absorbing neutrons in nuclear plants, whilst dysprosium doped 
crystals of calcium fluoride or calcium sulphide are used in dosimeters for measuring 
ionising radiation that activates Dy luminescence. Additionally, dysprosium is em- 
ployed in laser materials, high intensity light sources and in infrared phosphors. In 
medical applications Dy — 165 is injected into joints to treat rheumatoid arthritis. 
Its rarity amongst all REE and its extensive used in a wide range of applications 
including as permanent magnets in green cars, computer drives, home appliances 
and wind turbines makes this element not only a crucial but critical resource. Dys- 
prosium is expected to have a 0.9% share of the world REE supply by 2015. For 
more details see Sec. B.2.50. 


B.2.19 Erbium 


Erbium is a relatively scarce heavy REE. It is used in glass, ceramics and cubic 
zirconia for pink colouring. In fiber optics, it is used to reduce attenuation. Erbium 
doped fiber amplifiers (EDFA) enable optical signals to be substantially amplified in 
optical fibers (bit rate ~10 Gbps). Co-doped fiber lasers with erbium and ytterbium 
offer a high power output and good quality beam that can be used for marking, 
printing, fine welding, fast metal cutting and other micromachining applications. 
Erbium is used as a dopant in solid state lasers and like holmium has a variety of 
medical applications. It is particularly useful in laser rejuvenation skin resurfacing. 


532 Thanatia: The Destiny of the Earth’s Mineral Resources 


Added to vanadium, it becomes softer, something which improves its workability 
(vanadium steel). As with other heavy REE, erbium is a good neutron absorber 
and is used in control rods of nuclear power plants. Erbium is expect to constitute 
0.4% of global REE supply by 2015. For more details see Sec. B.2.50. 


B.2.20 Europium 


Europium is one of the rarest (<1% in REO mixtures) and most expensive REE. 
It is the most reactive of the group and is quite ductile. Its photo-luminescence 
properties provide its commercial importance. It confers the reddish-orange and 
blue colours in those phosphors used in LCD displays and in compact fluorescent 
lights. In fact, europium is a phosphor activator of yttrium vanadate in TV screens. 
It is also used in lasers and in mercury-vapour lamps. It finds important applications 
in organic light-emitting diodes and memory devices. Its fluorescent property also 
permits its use as a bio-tag material in live tissue scanning. In spite of its price, 
its demand highly exceeds supply which makes this element a critical resource. 
Europium is expected to enjoy 0.4% share of world REE supply by 2015. For more 
details see Sec. B.2.50. 


B.2.21 Fluorine 


Fluorine is the lightest and most reactive element of the halogens. The three most 
important minerals of fluorine are fluorite CaF, cryolite Na3AlF¢ and flourapatite 
Cas(PO4)3F. Of these only fluorite is extensively used commercially. Cryolite is 
a rare mineral, the only commercial deposit being in Greenland, and most of it is 
used in the aluminium industry. By far the largest amount of fluorine contained 
within the Earth’s crust is in the form of fluorapatite. Minor occurrences of fluorine 
are in the rare elements topaz or bastanesite. 

Atomic and molecular fluorine are used for plasma etching in semiconductor 
manufacturing, flat panel display production and microelectromechanical systems 
fabrication. Sodium hexafluoroaluminate (cryolite), is used in the electrolysis of 
aluminium. It is also indirectly used for the production of plastics such as teflon 
and halons such as freon. Fluorides are added to toothpaste to prevent dental 
cavities. Other compounds of fluorine are used in pharmaceuticals as antibiotics, 
antidepressants and for the prevention of infections. 


B.2.22 Gadolinium 


Gadolinium is a very expensive REE. It is a ferromagnetic element that losses 
this property at 292 K (Curie temperature). Alloys with gadolinium show im- 
portant properties. As gadolinium presents the highest thermal neutron capture 
cross-section of any element, alloys with nickel, chromium and molybdenum are 
used in nuclear applications for absorbing neutrons and radiation shielding. The 
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gadolinium-silicon-germanium alloys (GdsGe2Si2) show a high magnetocaloric ef- 
fect and have important potential in new efficient clean cooling and refrigeration 
technologies. Magnesium alloys with gadolinium show strength as well as ductility 
meaning they deform under tensile stress, something which becomes quite useful in 
metalworking. In general, gadolinium alloys are temperature tolerant and resistant 
to corrosion. In medical applications gadolinium enhances the contrast of magnetic 
resonance imaging, (MRI) and X-Rays. Despite the fact that superconductivity and 
ferromagnetism are antagonistic phenomena, it has been found that gadolinium- 
arsenide oxides of the type GdOF'FeAs, a similar compound to samarium-doped 
arsenides, show superconductivity at 36 K. This opens up promise in high tempe- 
rature superconductors. Gadolinium is expected to have a 2% share of world REE 
supply by 2015. For more details see Sec. B.2.50. 


B.2.23 Gallium 


Gallium is a rare element which had little in the way of use until its properties 
as a semiconductor were discovered. Analog integrated circuits are the largest 
application for gallium with optoelectronic devices (mostly laser diodes and light- 
emitting diodes) providing the second largest end use. 

The highest concentrations (0.1-1%) are found in the rare mineral germanite 
(Cure F'esGe4S32); concentrations in sphalerite (ZnS'), bauxite or coal are a hun- 
dredfold less. It was formerly recovered from flue dusts emitted during sulphide 
roasting or coal burning (up to 1.5% Ga) but is now obtained as a byproduct of the 
Al industry. 


B.2.24 Germanium 


Germanium minerals are extremely rare but the element is widely distributed in 
trace amounts among silicates, igneous as well as sedimentary and metamorphic 
rocks. Recovery is normally achieved from the flue dusts of smelters processing Zn 
ores. 

It is a semiconductor and was used for transistors, diodes and rectifiers until it 
was replaced by pure silicon in the early 1970’s. It is now used in fiber optics com- 
munication networks, infrared night vision systems and polymerisation catalysts. 


B.2.25 Gold 


Gold is widely but sparsely distributed both in its native state and in tellurides. 

It is is predominately used in the manufacture of jewellery. However, because of 
its superior electrical conductivity and resistance to corrosion, it has also emerged in 
the late 20th century as an essential industrial metal in computers, communication 
equipment, spacecraft, etc. Historically, gold has been considered as a symbol of 
personal and national wealth. It has been used for coinage and has always been a 
secure medium of payment. 
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B.2.26 Hafnium 


Hafnium ores are rare although two are known: hafnon and alvite. However, Hf is 
mostly found in quantities of about 2% within the Zr content found in zirconium 
ores such as zircon ZrSiO,4 and baddeleyite ZrOz. 

Hafnium is a transition metal similar to zirconium. It resists corrosion and has 
a high melting point. Its major end uses are in nuclear control rods because of its 
excellent ability to absorb neutrons. It also finds use in nickel-based superalloys, 
nozzles for plasma arc metal cutting and high-temperature ceramics. 


B.2.27 Holmium 


Holmium has the strongest magnetic moment of any element, even if alloyed in small 
amounts it greatly increases the strength of other magnets. Yet its rarity leaves few 
opportunities for increasing its commercial application. It is a powerful neutron 
absorber and finds application in nuclear control rods. Holmium doped yttrium- 
garnets are used in solid state microwave lasers (masers) in ultra-short pulses for 
medical surgery and dental rot removal, since their infrared emission is absorbed 
rapidly by water in tissues and penetrates less deeply. Holmium doped yttrium 
garnets are also used in optical fibre communications. Additionally, holmium oxide 
is used as a yellow or red colourant in glass, and provides a dichroic yellow/peach 
colour to cubic zirconia which is used in jewellery. Due to its sharp absorption 
peaks in the range 200-900 nm, it is also used as a calibration standard for optical 
spectrophotometers. For more details see Sec. B.2.50. 


B.2.28 Indium 


Indium is a rare metal which tends to associate with the similarly sized Zn in its 
sulphide minerals and hence it is predominantely produced from residues generated 
during zinc and lead sulphide ore processing, mainly from sphalerite ZnS. The 
indium metal indite Fe?+In2S4 has been found in Siberia. 

Indium is used in low-melting fusible alloys, solders and electronics. Large-scale 
application for indium was also employed in the protective coating for bearings 
and other metal surfaces in high-performance aircraft engines. Nowadays, its main 
application is in the manufacture of indium-tin-oxide thin films for Liquid Crystal 
Displays (LCD) and touch screens. 


B.2.29 Iodine 


Iodine is the most electropositive halogen and is considerably less abundant than 
the lighter halogens. It can be found naturally in air, water and soil. But the most 
important sources are the oceans. It occurs, albeit rarely, as the iodide mineral. 
Commercial deposits are usually iodates such as lautarite Ca(IO3)2 and dietzeite 
Caz(IO3)2(CrO4). 
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It is used in medical procedures as tincture and iodoform. It is employed in 
the preparation of certain drugs and in the manufacture of printing inks and dyes. 
Silver iodine is used in photography and iodine is also added to table salt and as a 
supplement to animal feed. It is also a constituent of water purification tablets. 


B.2.30 Iridium 
See Sec. B.2.44. 


B.2.31 Iron 


Iron is the most abundant element in the universe and on Earth. It is widely 
distributed as oxides and carbonates, of which the chief ones are haematite F'e2O03, 
magnetite Fe3O,4 and siderite FeCOs. 

Iron, unsurprising given its abundance, is the most widely used of all metals 
composing 95% of all the metal tonnage produced worldwide. Thanks to a com- 
bination of low cost and high strength, it is indispensable to civilisation, having 
an Age named after it and having played an essential role in the Industrial Revo- 
lution. Its applications are diverse and can go from food containers to cars, from 
screwdrivers to washing machines, from cargo ships to paper staples. Steel is its 
best known alloy and some of the forms that iron takes include pig iron, cast iron, 
carbon steel, wrought iron, alloy steels and iron oxides. 


B.2.32 Lanthanum 


Lanthanum is a REE and lends its name to the lanthanide group. Its major ores 
are the minerals monazite and bastnaesite, which make up between 25 -38 % of the 
total lanthanide content. 

Lanthanum is used in high-tech fibre optics, high intensity lighting and high 
sensitivity sensors. It improves visual clarity producing a high refractive index 
glass used in telescopes, binoculars and infrared night vision. Lanthanum is the 
main component of mischmetal included in rechargeable NiMH batteries which 
are extensively used in hybrid cars. It is also used in hydrogen storage, as a metal 
hydride, in steel, magnesium and other metal alloys, not to mention oil refineries for 
catalytic cracking. In addition, lanthanum carbonate decreases the phosphate levels 
that occur in patients suffering chronic kidney disease. Lanthanum is expected to 
enjoy a 27% share of world REE supply by 2015. 


B.2.33 Lead 


Lead is the most abundant heavy element. It can be found native but its most 
important ore is the heavy black mineral galena PbS. Other important minerals 
are anglesite PbSO, and cerussite PbC'O3. It is usually found in zinc, silver and 
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copper ores and it is extracted together with these minerals. The largest current 
source of lead however stems from the recycling of vehicle batteries. 

Lead is a very corrosion-resistant, malleable and toxic bluish-white metal that 
has been known for at least 5000 years. Ancient romans used lead in their public 
baths. It was an important component of fuel where tetraethyl lead was added to 
reduce knocking. Nowadays lead is a major constituent of the lead-acid battery, 
it is used as a colouring element in ceramic glazes, as projectiles, as electrodes 
for electrolysis and in the glass of computer and television screens, shielding the 
viewer from radiation. Lead alloys include pewter and solder. The toxicity of 
lead led to strong environmental regulations in the 20th century which were passed 
in an attempt to significantly reduce or eliminate its detrimental impact on the 
environment and public health. 


B.2.34 Lithium 


Lithium is a moderately abundant element. Its most important mineral commer- 
cially is spodumene LiAsSi20Og¢, followed by lepidolite K Lig AlSi,Oi9F (OH). It 
is commonly found in Nature as silicates and phosphates. However it is usually 
recovered from brines. 

Lithium is an alkali metal of very high chemical reactivity. As a consequence, 
it takes part in a huge number of reactions. The carbonate can be used in the 
pottery industry and in medicine as an antidepressant. Low-density alloys are used 
for armour plating and for aerospace components. The bromine and chloride both 
form a concentrated brine, which can absorb humidity in a wide temperature range; 
these brines are subsequently used for air conditioning systems. Apart from its 
use in large capacity and rechargeable batteries as explained throughout the book, 
lithium finds additional use in nuclear breeder reactors as a coolant and as a source 
for tritium. Other important uses are in lubricants, porcelain glaze and in welding. 


B.2.35 Lutetium 


Lutetium is an extremely scarce REE (less than 0.1% of REE containing Lu ores 
such as monazite). Correspondingly, it has a high market price and few applications. 
It has been used as a catalyst in petroleum cracking processes such as alkylation, 
hydrogenation or polymerisation. Yet its main applications come from its isotopes. 
In fact, lutetium has 35 isotopes with an appreciable half-life, with '7°Lu being 
both the most abundant (97.4%) and stable. 17’ Lu is used as detector in positron 
emission tomography (PET) to locate cancer metastasis or, in general for non- 
invasive 3D scans of the body’s cellular activity. Additionally, the isotope !”°Lu 
(2.6% natural abundance) is used to date the age of meteorites since it emits beta 
particles in the Lu — Hf dating process. 

Lutetium has been proposed as a dopant in gadolinium-gallium-garnets (Lu : 
GGG) for magnetic bubble memory devices and in aluminium garnets as a lens 
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material for immersion lithography because of its high refractive index. For more 
details see Sec. B.2.50. 


B.2.36 Magnesium 


Magnesium is among the eight most abundant elements. It usually occurs in 
crustal rocks typically as insoluble carbonates and sulphates and less accessibly as 
silicates. Important magnesium-containing minerals are dolomite CaMg(CO3)a, 
magnesite MgCO3, carnallite K2MgCl, - 6H2O, olivine (Mg, Fe)2SiO4, talc 
Mq3Si,4O19(OH)2 or spinel MgAl2Ox4. 

It is a light, chemically reactive metal, belonging to the alkaline earth group. 
It is known as the lighter structural metal in industry as it is lightweight and has 
the capacity to form mechanically resistant alloys. Such alloys are used in beverage 
cans, as structural components of vehicles and machinery. Magnesium compounds, 
primarily magnesium oxide, are used as refractory materials in furnace linings for 
producing iron and steel, nonferrous metals, glass and cement. Magnesium oxide is 
used in the agricultural, chemical and construction industries. 


B.2.37 Manganese 


Manganese is a grey-white chemically active metal. It resembles iron and is essential 
in the iron and steel production by virtue of its sulphur-fixing, deoxidising and 
alloying properties. Manganese is found in over 300 different and widely distributed 
minerals of which about twelve are commercially important. It occurs in primary 
deposits as the silicate metal. Of highest commercial importance are the secondary 
deposits of oxides and carbonates such as pyrolusite MnOp2 and to a lesser extent 
rhodochrosite MnCO3. Vast quantities of manganese exist in manganese nodules 
(manganese, iron and other metal-containing agglomerates) located on the ocean 
bed. No economically viable methods of harvesting in this way has been found to 
date. 

It is frequently employed in aluminium alloys. Further applications for man- 
ganese and its compounds are as a gasoline additive to boost octane rating, as a 
reagent in organic chemistry, as a colourising and decolourising agent for glass, as 
a paint, as a disinfectant and in batteries. 


B.2.38 Mercury 


Cinnabar HS is the only important ore and source of mercury with deposits at Al- 
maden in Spain being the most famous and extensive. Mercury is the only common 
metal found at liquid state in room temperature. Its high density means, it is used 
in barometers and manometers. It is also extensively used in thermometers thanks 
to its high rate of thermal expansion that is fairly constant over a wide temperature 
range. Amalgams of silver, gold and tin (alloys of mercury) are used in dentistry. 
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Most mercury is used for the manufacture of industrial chemicals, electrical and 
electronic applications. Its primary use is for small-scale gold mining in many parts 
across the world. 


B.2.39 Molybdenum 


The most important molybdenum ore is the sulphide molybdenite MoS2, which can 
be found in tungsten and copper ores, with molybdenite produced as a byproduct 
of W and Cu production. Less important ores are those of wulfenite PbMoO, and 
powellite CaMoOQg. 

Molybdenum is a refractory metal able to withstand extreme temperatures with- 
out significant expansion or softening. This makes it useful in applications that 
involve intense heat during their operation. Aircraft parts, electrical contacts and 
filaments all benefit from molybdenum’s properties which when added to steel re- 
sults in greater strength, hardness, toughness, weldability and corrosion resistance. 
Molybdenum also increases the bonding energy required to dissolve and remove 
iron atoms from the surface. Its lower density and price stability also makes it a 
cost-effective substitution of tungsten for use in high speed tools such as drills and 
lathes!®. It is also used in electrodes, lubricants, pigments and catalysts. 


B.2.40 Neodymium 


Neodymium is found in minerals such as monazite and bastnaesite. It is a member 
of the lanthanide series and is the main REE component in the stronger Nd — 
Fe — B magnets. These permanent magnets are ubiquitously used in electronic 
appliances for reducing the size of electric motors. Neodymium is also used as a glass 
colourant, alloying element and in military applications such as laser range finders 
and guidance systems. It is also used in capacitors for stabilising their dielectric 
properties. Neodymium is used as a dopant in YAG (yttrium aluminium garnet) 
solid state blue light lasers for welding and marking applications. Additionally, the 
element finds a key use in MRI as a contrasting medium. Even if it is the third least 
scarce REE, its demand is rapidly increasing and this combined with its strictly 
controlled supply, converts this metal into a critical element. Neodymium combined 
with praseodymium is called didymium to stress their similar chemical behaviour. 
Neodymium is expected to have a 16% share of global REE in 2015. 


19See Intl. Molybdenum Association http://www.imoa.info/molybdenum/molybdenum_ 
properties.php, or http://www.imoa.info/_files/brochures_ articles/About_ Molybdenum. pdf. 
Accessed Nov. 2011. 
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B.2.41 Nickel 


The bulk of nickel mined comes from two types of ore deposits. The first are la- 
terites where the principal ore minerals are nickeliferous limonite?° and garnierite 
Niz3MqSigOi5(OH)2-6(H20) . The second are magmatic sulphide deposits where 
the principal ore mineral is pentlandite F eAtN i4.5Sg. Arsenide ores such as ni- 
ckeline NiAs or gersdorflite NiAsS can be also found. Ni can also appear in 
the crystalline structure of many other minerals including pyrrhotite, chalcopyrite, 
pyrite, ilmenite or magnetite. 

Nickel is a transition metal that belongs to the same group as iron. It is mainly 
used in the preparation of alloys, for reasons relating to strength, ductility and 
resistance to corrosion. About 65% of the nickel consumed in the Western world 
is used to make stainless steel. The remainder is divided up into the alloy steels, 
rechargeable batteries, catalysts, coinage, foundry products and plating. 


B.2.42 Niobium 


Niobium, sometimes called columbium, is a rare soft transition metal, used mainly 
for the production of high-temperature resistant alloys and special stainless steels. 
Small amounts of niobium impart greater strength to other metals. The applications 
of those alloys are in nuclear reactors, jets, missiles, cutting tools, pipelines, super 
magnets, surgical implants and welding rods. Niobium is additionally used as a 
superconductor when lowered to cryogenic temperatures. 

Niobium has been mainly mined as columbite FeNb2Og. Two other impor- 
tant Nb-containing minerals are euxenite (Y, Ca, Ce, U, Th)(Nb, Ta, Ti)2O¢ and py- 
rochlore Na,.53Cao.5Nb20¢6(OH)o.75Fo.25, the latter is currently its most important 
ore. Due to its similarities to tantalum, minerals that contain niobium also contain 
tantalum, so that columbite is referred to as tantalite when tantalum preponderates. 


B.2.43 Nitrogen 


Nitrogen is a common inert gas and an essential element in most of the substances 
that make up living organisms, including proteins. Despite its ready availability 
in the atmosphere, constituting 78% of air by volume, nitrogen is relatively scarce 
in the continental crust. The only major minerals are K NO3 (nitre, salpetre) and 
NaNOs (sodanitre, nitratine). Both are widespread. 

Its main application is as a component in the manufacture of ammonia, subse- 
quently used as a fertiliser and in the production of nitric acid. It can be used also 
as a refrigerant for the freezing of and transporting of food products. 


?0Nickeliferous limonite is the term used to describe poorly crystalline nickel-bearing ferric oxides 
of which the main constituent is goethite Fe?+O-OH. 
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B.2.44 Osmium and Iridium 


Osmium is a silvery metal of the platinum group metals. It has the distinction of 
being the most dense of all the naturally occurring elements. Its main application 
is as an alloy with other platinum group metals. 

Iridium is a transition metal, likewise belonging to the platinum family. It is 
notable for being the most corrosion resistant element known to Man. Demand 
for iridium derives predominately from the electronic, automotive and chemical 
industry, where it is used in catalysts and to coat electrodes in the chlor-alkali 
process 

Both osmium and iridum are very rare metals. Osmium is usually found in 
combination with iridium and ruthenium. The most important ores for both metals 
are iridosmine and osmiridium. 


B.2.45 Palladium 


Palladium is a silver-white metal belonging to the platinum group metals. It is 
usually associated with the other PGMs and occurs either in its native form or 
as a sulphide or arsenide in Ni, Cu and Fe sulphide ores. Much of it, however, 
is extracted with chromite or as a byproduct of the copper-nickel ores such as 
chalcopyrite, pyrrhotite and pentlandite. 

Palladium is increasingly employed in electrical appliances in the form of multi- 
layer ceramic capacitors. Due to its resistance to corrosion, a major use of palladium 
is in those alloys employed in low voltage electrical contacts. It is also used as a 
catalyst for reducing car exhaust emissions, where it replaces platinum. It can also 
be alloyed to a certain extent for use in jewellery. 


B.2.46 Phosphorous 


Phosphorous is a nonmetal element of the nitrogen group. It is an abundant mi- 
neral on Earth with all its known terrestrial minerals, orthophosphates. Some 200 
crystalline phosphate minerals have been identified but by far the major amount 
of P occurs in the family of apatites and these are incidently the only ones of 
industrial importance. Common members are fluorapatite Cas(PO,)3F', chlorap- 
atite Cas(PO,)3Cl and hydroxylapatite Cas(PO,)30H. In addition, there are 
vast deposits of the amorphous phosphate rock phosphorite, which approximates in 
composition to fluoroapatite. 

Its concentrated acids are used in fertilisers for agriculture and farm production. 
Phosphates are also used for special glass, sodium lamps, in steel production, in 
military applications, pyrotechnics, pesticides, toothpastes or detergents. 
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B.2.47 Platinum 


Platinum gives the platinum-group metals (PGM) its name. The group comprises of 
platinum, palladium, rhodium, ruthenium, iridium and osmium. Platinum generally 
occurs associated with the other metals of its group but can occur in native form 
or as sulphides or arsenides in Ni, Cu and Fe sulphide ores. Three-quarters of the 
world’s production comes from South Africa, where it occurs as cooperite. It is also 
extracted as a byproduct from copper-nickel ores such as chalcopyrite, pyrrhotite 
and pentlandite or with chromite. 

It has outstanding catalytic properties and its resistance is well suited for making 
fine jewellery. Platinum and its alloys are also used in surgical tools, laboratory 
utensils, electrical resistance wires and so on. The glass industry uses platinum for 
optical fibers and liquid crystal glass displays. 


B.2.48 Potassium 


Potassium is a soft, silvery-white metal, member of the alkali group. It is a very 
abundant element on Earth. Most of it occurs as minerals including feldspars and 
clays. Potassium is leached from these by weathering processes, which explains why 
the sea contains substantial amounts. Important ores are sylvite KCl, carnallite 
KMgCls . 6(H20) and alunite K Al3(S'O4)2(OH)¢. 

Most commercial potassium goes into fertilisers. Potassium carbonate is used in 
glass manufacture for the making of televisions. Potassium hydroxide, meanwhile, 
is used to make liquid soaps and detergents. Additional applications of other potas- 
sium compounds are found in the pharmaceutical industry, photography and for 
the manufacturing of iodised salts. 


B.2.49 Praseodymium 


Praseodymium belongs to the REE group and is used as a component of the 
Nd— Fe — B permanent magnets. Praeodymium oxide protects against yellow 
glare and UV light, and gives a metallic yellow colour to glass, plastic, enamels and 
ceramics. As it filters out harmful intense light it is also used in welders’ goggles. It 
can be found in solid state lasers and is a core material for carbon arc lighting. In 
metallurgy, together with zinc, it is employed in high performance magnesium alloys 
for die-cast applications. Alloyed with nickel, it presents a strong magnetocaloric 
effect, whose future demand will presumably increase as does new emergent refrig- 
eration technology. Praseodymium is expected to have 5% share of world REE 
supply in 2015. For more details see Sec. B.2.50. 
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B.2.50 Rare Earth Elements: Praseodymium, Samarium, 
Europium, Gadolinium, Terbium, Dysprosium, Holmium, 
Erbium, Thulium and Lutetium 


All fourteen members of the lanthanide series have very similar geochemical pro- 
perties. There are over 100 minerals known to contain lanthanides but the only 
two of commercial importance are monazite, a mixed La, Th, In phosphate and 
bastnaesite, a La, Dn fluorocarbonate. Samarium, terbium and erbium are also 
found in xenotime and euxenite, while gadolinite is also an important source for 
holmium, terbium and thulium. 

Many applications of REE are characterised by high specificity and high unit 
value. For example, europium is used for colour cathode-ray tubes and liquid crys- 
tal displays used in monitors and televisions. A major use of praseodymium is in 
the mischmetal, which is employed in cigarette lighter manufacture. Samarium is 
used as a catalyst in certain organic reactions. Erbium finds extensive use in laser 
repeaters for fiber-optic telecommunication cables. Permanent magnet technology, 
meanwhile, has been revolutionised by alloys containing gadolinium, dysprosium 
and other REE. Terbium, gadolinium or europium are used in new energy-efficient 
fluorescent lamps. Lutetium can be used as a catalyst in petroleum cracking in re- 
fineries and in alkylation, hydrogenation and polymerisation applications. Holmium 
and thulium can be found in lasers for medical applications. 


B.2.51 Rhenium 


The concentration of rhenium in the Earth’s crust is extremely low. It is also very 
diffuse. Being chemically akin to molybdenum it is in the molybdenites that its 
highest concentrations (0.2%) are found. 

Rhenium was the last naturally-occurring element to be discovered. Its main 
applications in industry are found in the manufacture of tungsten-rhenium and 
molybdenum-rhenium alloys. Other important uses of rhenium are in platinum- 
rhenium catalysts, used primarily in producing lead-free, high octane gasoline and 
in high-temperature superalloys used for jet engine components. 


B.2.52 Rhodium 


Rhodium is one of the platinum group metals. It occurs as rare deposits of the native 
element and in rare minerals associated with the other metals of the platinum group. 
That said, usually, the commercially available metal derives from a byproduct of 
the refining of copper and nickel ores which can contain up to 0.1% rhodium. 

Most of its production is directly related to catalytic converters in cars and 
in some industrial processes. It is used in alloys together with platinum and irid- 
ium, giving improved high-temperature strength and oxidation resistance to furnace 
windings, high-temperature thermocouple and resistance wires, spark plugs, bear- 
ings, electrical contacts, amongst others. 
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B.2.53 Rubidium 


Rubidium is a silvery white, very active metal as are the other alkali metals. Al- 
though very abundant, no pure Rb-containing mineral is known. Much of the com- 
mercially available material is obtained as a byproduct of lepidolite processing for 
Ii. It occurs naturally in the minerals pollucite, lepodite, carnallite, zinnwaldite 
and leucite. 

Rubidium and its salts have few commercial uses. The metal is used in the 
manufacture of photocells and in the removal of residual gases from vacuum tubes. 
Rubidium salts are used in glass and ceramics and in fireworks to give them their 
purple colour. 


B.2.54 Ruthenium 


Ruthenium is one of the rarest metals on Earth. It is either found in its native form 
or associated with platinum, osmium and iridium. Like the other platinum metals, 
it is commercially extracted from nickel and copper deposits. It finds use in the 
electronic and chemical industries, with smaller amounts being used in alloying in 
order to increase hardness and corrosion resistance. It is also employed in electrical 
contact alloys and filaments, in jewellery, in pen nibs and in instrument pivots. Like 
the other metals of its group, it is a versatile catalyst used in different industrial 
processes. 


B.2.55 Samarium 


Samarium is used to produce permanent magnets with cobalt. Whilst they are not 
as strong as Nd—F'e—B permanent magnets they are still very much used. Notwith- 
standing Sm-— Co magnets can work at higher temperatures (>700°C) without los- 
ing coercitivity. Samarium is also used in special X-ray lasers for analytic equipment 
and military applications. It easily absorbs neutrons and is subsequently used in 
nuclear power plants in fission controlling rods. In medical applications samarium 
(II) iodide is used for the development of anticancer drugs whilst samarium-153 
derivatives form part of radiopharmaceuticals for the treatment of metastatic bone 
pain. Samarium induces superconductivity. The discovery of a new family of high- 
temperature (56 K) superconductors based on samarium-doped SrF'eAsF opens 
the window for future demand. Samarium is estimated in the short term (by 2015) 
to have only a 2% share of world REE supply. 
For more details see Sec. B.2.50. 


B.2.56 Scandium 


Scandium occurs in many ores in trace amounts, but has not been found in sufficient 
enough quantities to be considered a reserve. Therefore, scandium has been pro- 
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duced exclusively as a byproduct during the processing of various ores or recovered 
from previously processed tailings or residues. Considerable amounts of scandium 
oxide S'cgO3 can be obtained as a byproduct of the extraction of uranium. Its only 
rich mineral is the rare thortveitite ScgSi2O7. 

Scandium is frequently excluded from the REE list, since its chemical proper- 
ties are closer to magnesium than to yttrium and the lanthanides. Its extraction is 
difficult, its global production is in short supply, mostly coming from Bayan Obo 
mine and its price reflects that. However it finds application in special alloys with 
aluminium and titanium which are used in aerospace industry and for the produc- 
tion of highly professional lightweight sporting equipment, such as bicycles - as it 
improves the strength, durability and reduces the weight of the base material. Sca- 
dium also finds use in fuel cell applications and in high intensity light sources, such 
as mercury-vapour lamps, where it is an additive. 


B.2.57 Selenium 


Selenium is among the rarer elements on the Earth’s crust. Whilst occasionally 
found in its native form it is usually associated with sulphur, copper, zinc and 
lead forming for instance clausthalite CuSe or klockmanite PbSe. Selenium is 
recovered commercially as a byproduct of the electrolytic refining of copper where 
it accumulates in anode residues. 

Selenium is a non-metallic chemical element, resembling sulphur and tellurium 
in its chemical activity and physical properties. It has good photovoltaic and pho- 
toconductive properties and is used extensively in electronics devices, such as pho- 
tocells, light metres and solar cells. The second largest user of selenium is the glass 
industry, which employs it to remove the colour from glass. It also finds extensive 
application as animal feed and food supplements. Additionally, it can be used in 
photocopying, in the toning of photographs, in metal alloys and to improve the 
abrasion resistance in vulcanised rubbers. 


B.2.58 Silicon 


Silicon is the most abundant element in the Earth’s crust after oxygen. It never 
occurs freely but is invariably combined with oxygen and with few exceptions is 
always 4-coordinate in nature. Sand is used as a source of the silicon produced 
commercially. Some silicate minerals are mined, e.g. talc and mica. Other mined 
silicates are feldspars, nepheline, olivine, vermiculite, perlite and kaolinite. 

Silicon is a brittle steel-grey metalloid. It has many industrial uses. It is the 
main component of glass, cement, ceramics, most semiconductor devices and sili- 
cones. Silicon is also an important constituent of some steels and a major ingredient 
in bricks. It is also used as an alloy to provide resistance to aluminium, magne- 
sium, copper and other metals. Metallurgic silicon is used as a raw material in the 
manufacture of organosilic and silicon resins, seals and oils. Silicon chips are used 
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in integrated circuits and photovoltaic cells are made of thinly cut slices of simple 
silicon crystals. 


B.2.59 Silver 


Silver is widely distributed in sulphide ores of which argentite (Ag2S’) is the most 
important. It can also be found in its native form in nature and associated with 
chlorine as AgCl. Only about 10% of all silver mined is obtained from deposits 
primarily exploited for the metal; 90% or more stems from copper, lead, zinc and 
gold mining where silver is a byproduct. 

In addition to coinage, silver is used mainly in tableware, mirrors, electronic 
products, photography, jewellery and as a catalyst in oxidation reactions. 


B.2.60 Sodium 


Sodium is a white-silvery metal, belonging to the alkali group and is hence highly 
reactive. Sodium is a very abundant element in the Earth’s crust. After chloride, 
sodium is also the second most abundant element dissolved in seawater. Sodium 
occurs as rock-salt (NaCl) and in various forms: as a carbonate, nitrate, sulphate, 
borate, ete. 

Sodium in its metallic form is very important in the making of esters and in the 
manufacture of organic compounds. Sodium chloride NaCl, is a very important 
compound found everywhere in the environment. Other applications include: in 
alloys to improve their structure, in soap, in the purification of molten metals, in 
sodium vapour lamps, as a heat transfer fluid and as a desiccant for drying solvents. 


B.2.61 Strontium 


Strontium is a bright silvery alkaline-earth metal. It commonly occurs in Nature, 
averaging about 0.034% of all igneous rocks. It is found chiefly in the form of the 
sulphate mineral celestine SrCO, and the carbonate strontianite SrCO3. 

Principal uses of strontium compounds are in pyrotechnics, vacuum tubes to 
remove the last traces of air and as the carbonate in special glass for television 
screens and visual display units. Further uses of strontium and its compounds are 
in toothpastes, in aerosol paint or for the medical treatment of osteoporosis. 


B.2.62 Sulphur 


Sulphur is a yellow solid non-metal widely distributed in Nature. The three most 
important commercial sources are: 1) elemental sulphur in the caprock salt domes 
in the U.S. and Mexico and the sedimentary evaporite deposits in eastern Poland 
and western Asia; 2) as H25S' in sour natural gas and as organosulphur com- 
pounds in crude oil; 3) from pyrites FeS: and other metal-sulphide minerals. 
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Common naturally occurring sulphur compounds include the sulphide minerals 
cinnabar HgS, galena PbS, sphalerite ZnS, stibnite Sb2S3 and the sulphates gyp- 
sum CaSO, -2H20, alunite K Al3(SO4)2(OH)¢ and barite BaSO4. 

Its main compound is sulphuric acid H2SO,4, one of the most important sub- 
stances in industrial and fertiliser complexes. So important in fact, that the yearly 
consumption of sulphuric acid is used as an index to indicate a given nation’s 
industrial development. Sulphur is also used in batteries, detergents, fungicides, 
manufacture of fertilisers, gunpowder, matches, fireworks and corrosion-resistant 
concrete. 


B.2.63 Tantalum 


Tantalum is a hard transition metal highly corrosion-resistant and a good conductor 
of heat and electricity. It occurs together with niobium. The chief mineral for Ta is 
known as tantalite F'eT’a2O0.. Deposits are widespread but rarely very concentrated. 
Microlite and euxenite are the other minor ores for Ta. 

The major use for tantalum is in the manufacture of electronic components, 
mainly capacitors. Additionally, it is used for handling corrosive chemicals and in 
high-temperature applications - it is subsequently found in aircraft engines. 


B.2.64 Tellurium 


Tellurium is a semiconductor and a relatively rare element. Its chemistry is similar 
to that of sulphur and it has properties typical to both metals and non-metals 
alike. Commercial tellurium comes as a byproduct of copper processing. Samples 
of tellurium can be found uncombined in Nature but are extremely rare. There 
exists some tellurium minerals such as calaverite, sylvanite or tellurite but none are 
mined as such. 

Tellurium is used as an additive to steel and it is often alloyed with aluminium, 
copper, lead or tin. It can also be used in cast iron, ceramics, blasting caps, solar 
panels or rubber. 


B.2.65 Terbium 


Terbium is extensively used in compact fluorescent lamps and phosphors. It intensi- 
fies the yellow-green, violet and blue colours. It has been broadly used in solid state 
electronics for naval sonar systems, sensors, transducers, mechanical resonators, 
high precision fuel injectors and a variety of magneto-mechanical devices. Terbium 
is also used as a dopant in solid state devices and crystal stabilisers for fuel cells. 
Its high demand, mainly for phosphors, puts this very scarce metal (less than 1% 
by mass of REO) in a critical situation. Terbium is expected to constitute a 0.2% 
world supply share of REE in 2015. For more details see Sec. B.2.50. 
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B.2.66 Thallium 


Thallium is a soft and malleable heavy metal and although reasonably abundant in 
the crust, it mostly exists in association with potassium minerals such as sylvite and 
pollucite. It is not however generally considered to be commercially recoverable from 
these forms. Very rare minerals of thallium, such as hutchingsonite PbT1As5 So, 
occur in Nature as sulphide or selenide complexes with antimony, arsenic, copper, 
lead and silver but these are of no commercial importance either. Instead, thallium 
is commercially recovered as a byproduct from the flue dust and residues generated 
during the roasting and smelting of Zn and Pb sulphide ores. 

It is used in a wide variety of applications. Some of them include: as a semicon- 
ductor material for selenium rectifiers, in gamma radiation detection equipment, in 
infrared radiation detection and transmission equipment, in crystalline filters for 
light diffraction and in medical diagnostic tests to detect heart disease. 


B.2.67 Thorium 


Thorium is a silver-grey heavy metallic element of the actinide series. It is very 
abundant in the Earth’s crust (three times more abundant than uranium). Thorium 
occurs naturally in the minerals thorite, uranothorite, thorianite and is a major 
component of monazite, where it is usually commercially extracted as a byproduct. 
It is also present in significant amounts as a diodochic element in the minerals 
zircon, titanite, gadolinite and blomstrandite. 

Unfortunately, despite its abundance, worldwide demand for this element is 
relatively small. Some of its applications are as an alloying element in magnesium, 
as a coating for wolfram wire used in electronic equipment, to control the grain size 
of plutonium used for electric lamps, as a catalyst for the manufacture of refractory 
materials and for the metallurgical industries or as a fertile material for producing 
nuclear fuel. 


B.2.68 Thulium 


Thulium and ytterbium, like holmium and erbium, may be used as dopants for high 
power and wavelength-tunable solid-state lasers. They are used in crystals such as 
yttrium-aluminium-garnet (Yb : YAG), (Im : YAG), strontium-yttrium-silicate 
(Yb: SYS), typically operating at around 1020-1050 nm. They are very efficient 
and extreme ultra-short pulses can be achieved. Both thulium and ytterbium are 
also used as a radiation source in portable X-ray devices once the metal has been 
bombarded in a nuclear reactor (Paschotta, 2008). Thulium is so rare that its po- 
tential applications are quite limited, especially as they highly exceed any optimistic 
forecast of world supply. For more details see Sec. B.2.50. 
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B.2.69 Tin 


Tin is a silvery-white metal. There are a few tin-containing minerals but only one 
is of commercial significance and that is cassiterite SnO2. 

It finds extensive use as a protective layer for mild steel. Alloys of tin are used 
in many ways, such as in solder for the joining of pipes or electronic circuits, bell 
and babbit metal and dental amalgams. The principal alloys of tin are bronzite 
(tin and copper), soft solder (tin and lead), pewter (75% tin and 25% lead) and 
britannia metal (tin with small amounts of antimony and copper). 


B.2.70 Titanium 


Titanium is a light, strong transition metal, well known for its corrosion resistance 
and high strength-to-weight ratio. It is an abundant element on Earth and is found 
in minerals rutile TiOz, brookite TiOz, anatase TiO», illmenite Fe?+TiOs, leu- 
coxene CaTiSiOs and titanite CaTiSi0O;. The chiefly mined ore is ilmenite but 
leucoxene and rutile are also important. 

Titanium is predominantely consumed in the form of titanium dioxide TiOg, a 
white pigment in paints, paper and plastics. Titanium alloys are used in aircraft, 
pipes for power plants, armour plating, naval ships and missiles. In medicine, 
titanium is used to make hip and knee replacements, pace-makers, bone-plates and 
screws. 


B.2.71 Uranium 


Uranium is a silvery metallic radioactive element of the actinide group. It is 
widely distributed and the most important ores are uraninite UO2 and carnotite 
K2(UO2)2(VO4)2 -3H2O. However, even these are usually dispersed so that typi- 
cal ores contain only about 0.1% with many of the more readily exploited deposits 
nearing exhaustion. Significant concentrations of uranium occur in monazite sands 
or lignite. 

Uranium gained importance with the development of practical uses of nuclear 
energy. Depleted uranium is used as shielding to protect tanks and also in bullets 
and missiles. However, the main use of uranium is to fuel commercial nuclear power 
plants. 


B.2.72 Vanadium 


Vanadium is a transition metal, widely, though sparsely distributed. The most 
important vanadium minerals are patronite VS4, vanadinite Pbs(VO4)3Cl and 
carnotite K2(UO2)2(VO4)2 - 3(H2O0). Vanadium is also found in some crude oils, 
coals, oil shales and tar sands. Although more than 60 different minerals of vana- 
dium have been characterised, there are few concentrated deposits and most of it is 
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obtained as a byproduct of iron, uranium, phosphor, copper, lead, zinc or titanium 
ores. 

This element finds extensive use in the manufacture of special steels as it forms 
stable carbides and nitrides that provide considerable strength. Vanadium steel 
alloys (1-5% V) are used for high speed tools in axles, crankshafts and gears. Ti- 
tanium alloys with aluminium (6%) and vanadium (4%) are used for aerospace 
applications. 

The chemical industry profits from vanadium compounds’ ability to change ox- 
idation states, leading to their use as catalysts. Vanadium oxides catalyse the 
production of sulphuric acid in the contact process and are also involved in the 
catalytic reduction of nitrogen oxides in power plant emissions. Vanadium salts are 
also used as yellow and orange pigments that can replace the ecologically dangerous 
chromium pigments. 


B.2.73 Wolfram (Tungsten) 


Wolfram, also known as tungsten, is a transition metal, which has the highest 
melting point of any metal. Hence, it is used in the filaments of incandescent light 
bulbs, in electric contacts and arc-welding electrodes. It imparts great strength to 
alloys including that of steel. Tungsten is also used in X-ray tubes and in microchip 
technology. Its most important application though is in the manufacture of cement 
carbide, since its main component is wolfram carbide (WC). 

There are several minerals of wolfram, the most important ones are scheelite 
and wolframite. 


B.2.74 Ytterbium 


Ytterbium is a rare earth element found with other REE in several rare minerals 
such as gadolinite, monazite and xenotime. It is most often recovered commer- 
cially from monazite sand used in certain steels for improving the grain refinement, 
strength and other mechanical properties of stainless steel. 

Some ytterbium alloys have been used in dentistry. Like other REE, it can 
be used to dope phosphors, or for ceramic capacitors and other electronic devices. 
Ytterbium increases its electrical resistivity at high stress and is thus used in stress 
gauges for monitoring ground deformations such as those that occur during earth- 
quakes (For more details, see Sec. B.2.68). 


B.2.75 Yttrium 


Yttrium is a silver-metallic rare earth metal which naturally occurs with heavy 
rare earths. This is due to its chemical similarities to the lanthanides, between 
gadolinium and erbium. Even if it is the 28th most abundant element in the Earth’s 
crust, it is widely dispersed and its current applications highly exceed its global 
production. 


550 Thanatia: The Destiny of the Earth’s Mineral Resources 


It is extensively used in phosphors for compact fluorescent lamps and LED 
bulbs. Yttrium compounds are doped with Eu(III) to create the red colours in 
CRT displays or with Fu(III) and To(IIT) to produce the green luminescence. 
The production of synthetic garnets is another important application. Yttrium 
oxide forms garnets with iron and aluminium oxides, (Y3F'e5Oi2) and (Y3Al5O12), 
known as YJG and Y AG. YIG is widely used as microwave communication devices, 
resonators, tunable transistors, as well as magnetic bubble domain-type memories 
due to its ferromagnetism. Y AG is also used in jewellery, mimicking diamond gem- 
stones. Y AG doped (~1%) with neodymium, erbium or ytterbium is used for high 
power solid state lasers in the near-infrared region, or with chromium (Cr : Y AG) 
as a red solid state laser. Additionally, YAG doped with cerium (Ce : Y AG) is 
used as a white phosphor in LEDs. Garnets with gadolinium, YGG, are used in 
phase shifters, tuners and filters in military applications. Yttrium compounds are 
extensive and work in catalysts for ethylene polymerisation and special electrodes. 
Yttrium oxide -yttria- stabilises the zirconium oxide used as an excess oxygen sensor 
in exhaust combustion gases or, in the hot sections of jet-engines. Yttria, mean- 
while, increases the strength and avoids high temperature oxidation of magnesium 
and aluminium alloys and is thereby used in crucibles. Yttrium oxide is also used 
in jewellery together with cubic zirconia, in high performance ceramics, and in op- 
tical lenses to increase shock resistance whilst lowering the possibility of thermal 
expansion. Furthermore, the yttrium barium copper oxide is found to be a high 
temperature superconductor at 93 K. Finally, 6-radioactive yttrium-90 is used in 
cancer treatments. 

Yttrium is expected to have a 5% share of REE world supply in 2015. Yttrium, 
like lanthanum is invariably associated with the lanthanide elements in minerals 
such as xenotime, monazite, fergusonite or gadolinite. 


B.2.76 Zine 


Zinc is a bluish-white transition metal. It is the fourth most consumed metal in the 
world. The main use of zinc is for the galvanising of iron sheets or wires. Zinc is 
also used in the formation of alloys such as brass or bronze. Zinc oxide is used as a 
white pigment in plastics, cosmetics, paper, printing inks, etc and as an activator 
in the rubber industry. 

The major ores of zinc are sphalerite ZnS and smithsonite ZnC'O3. Its 
less important ores are franklinite Zno¢M natrF ect M nga, hemimorphite 
Zn4Si2zO7(OH). and wurtzite Zno.9F eet S. 


B.2.77 Zirconium 


Zirconium is a silver-grey metal with chemical and physical properties similar to 
those of titanium. It is not a particularly rare element and occurs in Nature mainly 
as a silicate mineral zircon ZrSiO4. Baddeleyite ZrO2 is also an important ore for 
Zr. 
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Zircon, which is extremely resistant to heat and corrosion, is its most used com- 
pound and is employed in refractories, ceramic opacification and foundry sands. It 
is also considered to be a semi-precious gemstone and subsequently finds application 
in jewellery. Further uses for zirconium are in alloys such as zircaloy, which is used 
in nuclear applications since it does not absorb neutrons. It is also used in catalytic 
converters. 
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Appendix C 


The System of Environmental-Economic 
Accounts 


C.1 Asset accounts for mineral and energy resources in the SEEA 


As was explained in Sec. 2.5.1, the U.N.’s System of Environmental-Economic Ac- 
counts (SEEA) is intended to be a universal single measurement system providing 
information on water, energy, minerals, timber, soil, land, ecosystems, pollution and 
waste production, that is to say, the consumption of all things that create interac- 
tions between society and Nature. The environmental assets are presented as both 
physical and monetary data. 

Specifically, asset accounts for mineral and energy resources should organise in- 
formation regarding stocks, extraction flows, depletion degree, discoveries, as well 
as monetary estimates of added value, the operating surplus of the extracting com- 
panies and depletion adjusted value added measures. 

The way in which a physical flow is accounted for follows the structure of Mon- 
etary and Use Supply Tables that show product transactions between different eco- 
nomic entities such as industries, households, government and the rest of the world. 
The structure of the Physical Supply and Use Tables (PSUT), adds another entity: 
the environment. This is done by adding columns and rows that count the flows 
coming to and from it. These tables also separate accounts for material flow, water 
and energy sub-systems. 

Known deposits of mineral and energy resources are classified by SEEA accord- 
ing to the United Nations Framework Classification for Fossil Energy and Mineral 
Reserves and Resources 2009 (UNFC-2009)?!. The UNFC-2009 classifies deposits 
using a triple dimension criteria: economic and social viability (E), field project 
status and feasibility (F), and geological knowledge (G). The first criterion (E) es- 
tablishes the commercial viability of the project. The second criterion (F) indicates 
where the technical extraction project is on the road between exploration and mar- 
ket. The third criterion (G) designates the level of certainty in geological knowledge 
and potential recoverability of given quantities. Each criterion is further numbered 
as high (1), moderate (2), low (3) or very low (4). 


2lhttp://www-unece.org/fileadmin/DAM/energy /se/pdfs/UNFC/UNFC2009_ECE_EnergySeries39.pdf. 
Accessed Feb. 2012. 
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In addition, known deposits are categorised into three classes: Class A for Com- 
mercial Projects with Recoverable Resources, as is the case of El deposits and 
projects F1; Class B for Potentially Commercial Projects with Recoverable Re- 
sources when deposits fall into either category El or E2 and projects in F2; and 
Class C for Non-Commercial and Other Known Deposits. In these three classes the 
geological knowledge may be G1, G2 or G3 (Fig. C.1). 


Sales Production 
Extracted 
Non-Sales Production 
Categories 
g Class 
= E F G 
£& 
= Future recovery by commercial 
Pa development projects or mining Commercial Projects 4 ul 12,3 
= operations 
> 
= 
- F Potentially Commercial 
£ Potential future recovery by : 2 2 12,3 
. Projects 
E contingent development projects or 
1S) ini ti , ‘ 
= UIE opereniens Non-Commercial Projects 3 2 15.253 
2 
Additional quantities in place associated with known deposits 3 4 1:2;3 
Potential future recovery b 
. ue Y Exploration Projects 3 3 4 
successful exploration activities 
Additional quantities in place associated with potential deposits 3 4 4 


Fig. C.1 Abbreviated version of UNFC-2009, showing primary cases 


Whilst the SNA limits the scope to commercially exploited deposits, the SEEA 
provides a broader picture on the stock availability of resources generally. The latter 
considers a mine’s wealth in an economically simplified and present-day view, ignor- 
ing the fact that geology is more complex than the statistics reflect. For instance, 
there are many types of minerals and a multitude of combinations with specific 
geological structures. Additionally, exploitation may result in recovering waste bur- 
den, tailings and residues that were previously discarded as a function of market 
demand. Furthermore there is no consensus internationally supporting a detailed 
classification of mineral and energy resources suitable for statistical purposes. 

Instead the SEEA simply proposes the compilation of the physical asset accounts 
for mineral and energy resources by type, including estimates of the opening and 
closing stock and any alterations over the accounting period. The crude units are 
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indicative of the accounting system’s nature with measurements in tonnes, cubic 
meters, or barrels -there is simply no homogeneity in units or specificity in mineral 
type. In fact, “a total for each class of deposit across different resource types cannot 
be meaningfully estimated due to the use of different physical units for different 
resources. For certain sub-sets of resources, for example energy resources, an aggre- 
gate across certain resource types may [however] be possible using a common unit 
such as joules??.” 

Regarding the environmental impact of either mineral or energy resource extrac- 
tion, the SEEA organises the associated costs into a framework that allows for its 
annual evaluation. Such impacts can be in the form of air, water and soil pollution 
or the degradation of environmental reservoirs. Mining activities in particular, have 
a large effect on landscape aesthetics, ecosystems and local settlements. In theory, 
the revenues generated by mining should overcome the temporal or permanent loss 
of the environment. The only way to know whether this is actually the case, is 
via the monitoring and accounting of all these impacts in a systematic and stan- 
dardised manner which is in effect SEEA’s greatest contribution. Unfortunately, 
the loss of (i) landscapes, (ii) ecosystems supporting particular biotas or, (iii) local 
communities, are not always captured by these impassive accounting systems. 

Under SEEA, the valuation of the stocks is undertaken using a NPV approach 
for each individual resource type. In the ideal case, this is done for each specific 
deposit of every given resource. The total value of mineral and energy resources are 
obtained via their combined sum. 

Hence why in mining, the principal idea is to generate a time series of expected 
returns due to extraction. This series is obtained from the expected rate of extrac- 
tion together with projections of its expected price based on historic values. This 
stream is then discounted to reflect the value a buyer would be prepared to pay for 
the asset in the current period. “There are five key aspects of NPV that require 
explanation”: 


(1) The measurement of returns on environmental assets: “The returns on environ- 
mental assets are considered as the surplus value accruing to the extractor or 
user of an asset calculated after all costs and normal returns have been taken 
into account”. It provides a gross measure of the return to environmental assets. 
Yet it is also relevant to consider a net measure of expected return by deducting 
depletion from resource rent. The surplus value of a resource extracting com- 
pany should in the authors’ opinion, not only include a financial investment 
return but also a return for the environmental assets used in production with 
any resource rent and net return to environmental assets derived within the 
national accounts framework through a focus on the operating surplus. 

(2) The determination of the expected pattern of resource rents based on expected 
extraction profiles and prices: The most commonly applied method for estimat- 


?2See http://unstats.un.org/unsd/envaccounting/seea.asp. Accessed June 2013. 
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ing the resource rent is the residual value method. It is estimated by deducting 
user costs of produced assets from gross operating surplus after an adjustment 
for any specific subsidies and taxes. The expected pattern of resource rents 
is always a hypothesis of future returns and therefore it is based on assump- 
tions. These depend on the amounts of resources extracted, unit extraction 
costs and commodity prices. “It is recommended that estimates of expected 
resource rent should be set based on current estimates of resource rent, thus 
assuming no price changes beyond the general level of inflation, and a realistic 
rate of resource extraction”. 

The estimation of the asset’s life: Asset life estimates must be based on physi- 
cal stock and assumed rates of extraction. Hence, the application of the NPV 
approach requires specific considerations in the estimation of the resource rent. 
First, the resource rent should be limited to the extraction process itself, exclud- 
ing the refinement and processing of the extracted resource. Accordingly, the 
extraction process includes typical mining activities like mineral exploration, 
evaluation, mining and beneficiation. A mineral deposit typically contains sev- 
eral types of resources. In this case, resource rent should be allocated by com- 
modity. For example, an oil well containing gas or nickel sulphide deposits is 
often found with copper ores where cobalt is obtained as a byproduct. 

The selection of a rate of return on produced assets: SEEA recommends 
choosing a rate of return which takes into account industry specific returns, 
that in turn implicitly take into account the risks of investing in particular ac- 
tivities. While operating costs are quite foreseeable, an important consideration 
in the valuation of mineral commodities is their frequent market price fluctua- 
tion. Consequently, the resource rent may be composed of a relatively volatile 
time series. Mineral exploration and evaluation costs are treated as a form 
of gross fixed capital formation. Moreover, decommissioning costs reduce the 
resource rent earned by the extractor over the operating life of the extraction 
site. 

The physical extraction rate, meanwhile, usually remains constant throughout 
the life of the resource, if there are no reappraisals. However, as resources 
approach depletion, there will be a decline in ore grade quality and the envi- 
ronmental and energy costs associated with extraction will increase. This then 
leads to a fluctuation in the quantity of resources extracted annually. The Cen- 
tral Framework of SEEA also warns that there is no reason why the extraction 
rate should remain constant. In practical terms an important physical fact is 
ignored: the extinction of the mine is not constant throughout the extraction 
period but instead follows the law of diminishing returns. 

The choice of discount rate: Finally, the choice of the discount rate requires ad- 
ditional discussion. Discount rates convert the yearly expected resource rents 
into a current overall value. Discount rates also imply a future without dis- 
ruptions. These disruptions may come from innovations in the use of resources 
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or because of a set catastrophes or tragedies. But future new applications 
of present resources and depletion consequences on the web of life are unfor- 
tunately ignored. Implicitly a discount rate expresses a time preference i.e. 
everything for today, nothing for tomorrow. This is a logical way of thinking 
for the owner of an asset who would prefer to receive an income now rather than 
into the future (as opposed to future generations who would prefer resources 
to be conserved). Higher discount rates imply quicker returns. And thus more 
than anything its value reflects the owner’s attitude to risk. In general, it is 
lower in individuals and businesses than in society. 
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Appendix D 


Additional Data and Calculation 
Procedures 


D.1 Standard redox potentials 


Table D.1: Standard Electrode Potentials E° in Aqueous Solution at 25°C 
(Lide, 2006) 


Cathode (Reduction) Half-Reaction E° (Volts) 
Lit (aq) +e7— > Li(s) -3.04 
Kt (aq) +e7 > K(s) -2.92 
Ca?* (aq) + 2e— + Ca(s) -2.76 
Na* (aq) +e~ > Na(s) -2.71 
Mg?* (aq) + 2e— > Mg(s) -2.38 
Al3+ (aq) +3 e~ + Al(s) -1.66 
2H2O(l) + 2e~— + Ho(g) + 20H (aq) -0.83 
Zn?* (aq) + 2e— + Zn(s) -0.76 
Cr3+ (aq) +3 e~ — Cr(s) -0.74 
Fe?+ (aq) + 2e7 > Fe(s) -0.41 
Cd?+ (aq) + 2e— > Cd(s) -0.4 
Ni?+ (aq) + 2e7 > Ni(s) -0.23 
Sn?+ (aq) + 2e7 + Sn(s) -0.14 
Pb?+ (aq) + 2e— > Pb(s) -0.13 
Fe>+ (aq) + 3e7 > Fe(s) -0.04 
2H* (aq) + 2e— — H2(g) 0 
Sn4+ (aq) + 2e— — Sn?+(aq) 0.15 
Cu?* (aq) + e~ > Cut (aq) 0.16 
C10; (aq) + H2O(l) + 2e~ -+ ClOZ (aq) + 20H (aq) 0.17 
AgCl(s) +e~ — Ag(s) + Cl” (aq) 0.22 
Cu?+ (aq) + 2e— > Cu(s) 0.34 
ClO3 (aq) + H2O(l) + 2e~— — ClOZ (aq) + 20H (aq) 0.35 
IO~ (aq) + H2O(l) + 2e~ > I~ (aq) + 20H (aq) 0.49 
Cut (aq) + e~ — Cu(s) 0.52 
In(s) + 2e~ — 2I7 (aq) 0.54 
ClO, (aq) + H2O(l) + 2e~ + ClO~ (aq) + 20H (aq) 0.59 
Fe>+ (aq) + e~ > Fe?*(aq) 0.77 
Hast (aq) + 2e— > 2Hg(l) 0.8 
Agt (aq) + e~ + Ag(s) 0.8 
Hg?*+ (aq) + 2e— + Ho(I) 0.85 
ClO™ (aq) + H2O0(l) + 2e~ > Cl (aq) + 20H (aq) 0.9 


Continued on next page... 
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Table D.1: Standard Electrode Potentials E° in Aqueous Solution at 25°C 
(Lide, 2006). — continued from previous page. 


Cathode (Reduction) Half-Reaction E° (Volts) 
2H g?+ (aq) + 2e— — Hg5* (aq) 0.9 
NO (aq) + 4H* (aq) + 3e~ + NO(g) + 2H20(I) 0.96 
Bro(l) + 2e— — 2Br~ (aq) 1.07 
O2(g) + 4H* (aq) + 4e— — 2H20(I) 1.23 
Cr2O7, (aq) + 14H+ (aq) + 6e~ > 2Cr3+ (aq) +7H20(1) 1.33 
Cla(g) + 2e— — 2CI- (aq) 1.36 
Ce*+ (aq) + e~ > Ce3+*(aq) 1.44 
MnO4- (aq) + 8H+ (aq) + 5e— — Mn?+(aq) + 4H20(l) 1.49 
H2Oo2(aq) + 2H* (aq) + 2e— > 2H2O(1) 1.78 
Co?+ (aq) + e~ — Co?+(aq) 1.82 
S208? (aq) + 2e— — 2504?- (aq) 2.01 
O3(g) + 2H+(aq) + 2e— > O2(g) + H20(1) 2.07 
F2(g) + 2e7 > 2F7 (aq) 2.87 


End of the table 


D.2 Data required for calculating the comminution exergy 


Table D.2: Values of AH, E, grain boundary Gyo and Kc, and ¥ for selected 


minerals at 298 K, according to Tromans and Meech (2002b) 


Mineral Formula AHys E Gic Kic 7 
(kJmol—') (GPa) (Jm-?) (MPa (Jm-?) 
m/2) 
Cuprite Cu20 -3,301.12 29.91 0.886 0.163 0.4428 
Periclase MgO -3,915.74 307.18 13.704 2.052 6.852 
Lime CaO -3,527.59 196.96 8.335 1.281 4.168 
Barium oxide BaO -3,181.05 92.25 4.274 0.623 2.137 
Wustite FeO -3,985.77 127.53 4.885 0.789 2.443 
Cobalt oxide CoO -4,046.45 189.4 7.449 1.188 3.725 
Nickel oxide NiO -4,136.21 232.46 9.964 1.522 4.982 
Bromellite BeO -4,568.86 396.07 17.238 2.613 8.619 
Zincite ZnO -4,124.53 126.74 5.599 0.842 2.799 
Rutile TiO2 -12,491.16 285.1 18.445 2.293 9.223 
Cassiterite SnO2 -11,769.59 262.49 14.845 1.974 7.423 
Corundum Alz2O3 -15,547.20 399.76 19.25 2.774 9.625 
Hematite Fe203 -15,153.76 212.35 20.75 2.099 10.375 
Eskolaite Cr203 -15,336.01 314.56 14.617 2.144 7.309 
Titanium oxide Ti203 -15,279.20 244.45 12.269 1.732 6.135 
Spinel MgAl204 -19,485.91 273.83 14.014 1.959 7.007 
Hercynite FeAlz0O4 -19,585.31 222.1 10.687 1.541 5.344 
Chromite FeCr204 -19,372.94 268.65 12.209 1.811 6.104 
Nickel chromite NiCr20O4 -19,474.37 106.62 3.08 0.573 1.54 
Zinc ferrite ZnF e204 -19,275.17 241.16 11.42 1.66 5.71 
Magnetite Fe304 -19,166.40 230.33 12.897 1.724 6.449 
Chrysoberyl BeAlzO4 -20,133.21 389.79 18.624 2.694 9.312 
Galena PbS -3,082.62 80.04 3.736 0.547 1.868 
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Table D.2: Values of AH, E, grain boundary Gg and K7c, and ¥ for selected 

minerals at 298 K, according to Tromans and Meech (2002b). — continued from 

previous page. 
Mineral Formula AHy E Gic Kic 7 

(kJmol—*) (GPa) (Jm-?) (MPa (Jm-?) 
m1/2) 
Sphalerite Zns -3,621.36 82.73 4.18 0.588 2.09 
Metacinnabar b-HgS -3,551.49 48.51 2.316 0.335 1.158 
Greenockite Cds -3,385.35 46.61 2.289 0.327 1.145 
Wurtzite ZnS -3,611.53 86.85 4.536 0.628 2.268 
Pyrite FeSg -3,063.90 296.05 6.143 1.349 3.072 
Halite NaCl -786.51 36.87 1.155 0.206 0.577 
Sylvite KCl -716.74 24.09 0.758 0.135 0.379 
Cesium chloride CsCl -667.29 25.4 0.676 0.131 0.338 
Fluorite CaF. -2,641.76 109.26 3.179 0.589 1.589 
Barite BaSO4 -2,393.63 60.03 1.203 0.269 0.602 
Anhydrite CaSO4 -2,619.54 74.36 1.805 0.366 0.902 
Nepheline NaAlSiOa -9,654.40 76.01 6.412 0.698 3.206 
Cobalt olivine Co2SiOa -8,557.23 163.48 4.57 0.864 2.285 
Liebenbergite Ni2SiO4 -8,721.64 205.37 5.45 1.058 2.725 
Fayalite Fe2SiOa -8,448.30 135.94 3.924 0.73 1.962 
Monticellite CaM gSiO4 -7,988.42 141.58 4.665 0.813 2.332 
Forsterite Mg2SiOa -8,337.33 201.39 6.329 1.129 3.164 
Wadsleyite B— Mg2SiOa -8,302.39 278.07 6.792 1.374 3.396 
Ringwoodite 7 -— Mg2SiO4 -8,293.60 292.12 6.685 1.397 3.343 
Andalusite Al2SiOs -15,993.21 246.54 10.13 1.58 5.065 
Anorthite CaAlzSi2Og -20,069.79 103.28 5.478 0.752 2.739 
Grossularite CazAl2Siz012 —-27,776.06 263.35 7.356 1.392 3.678 
Pyrope Mg3Al2Si3012  -28,689.34 232.08 7.348 1.306 3.674 
Almandine Fez AlzSi3012 -28,886.43 241.73 7.102 1.31 3.551 
Andradite CagzFe2Si3012  -27,371.19 219.04 7.154 1.252 3.577 
End of the table 
Table D.3: Values of AH, E, grain boundary Gc and K7c, and ¥ for selected 
minerals at 298 K, according to Tromans and Meech (2004) 
Mineral Formula AH ys E Gic Kic 7 
(kJmol—') (GPa) = (Jm~*) (MPa (Jm~*) 
m1/2) 

Graphite-2H Cc -716.68 274.84 5.5052 1.23 2.7526 
Diamond Cc -714.786 1099.6 9.9503 3.308 4.9751 
Moissanite-6H a— SiC -1238.585 454.54 4.8 1.477 2.4 
Moissanite-3C B- SiC -1239.903 436.2 4.7654 1.442 2.3827 
Nierite B-— Si3Na -4069.62 306 2.8946 0.941 1.4473 
Cubic SizN4 7 — Si3N4 -4028.52 379 3.4193 1.138 1.7096 
Borazone BN -1288.178 909.05 8.2631 2.741 4.1315 
Boron carbide Bac -3038.676 456 el 1.612 2.85 
Molybdenite-2H MoS2 -1488.123 113.43 3.2294 0.605 1.6147 
a-Quartz a— SiOz -1859.05 95.5 5.356 0.715 2.678 
B-Quartz (873 K) B-— SiOz -1859 99.76 3.6427 0.603 1.8214 
a-Cristobalite SiO2 -1855.253 65.17 7.7428 0.71 3.8714 
Stishovite SiO2 -1809.67 536.16 4.8191 1.607 2.4096 
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Table D.3: Values of AH, EF, grain boundary Gyc and Kyc, and ¥ for selected 
minerals at 298 K, according to Tromans and Meech (2004). — continued from 


previous page. 


Mineral Formula AH E Gic Kio 7 
(kJmol-!) (GPa) (Jm-?) (MPa (Jm-?) 
m1/2) 

Coesite SiOg -1853.93 157.06 3.0434 0.691 1.5217 
Silica (quartz) glass SiOz -1851.55 72.845 3.7215 0.521 1.8608 
Ice-Ih (270 K) H2O -977.215 9.03 1.2738 0.1072 0.6369 
Ice-Ih (257 K) H2O0 -976.867 9.184 1.3031 0.1094 0.6515 
Ice-Ih (237.5 K) H2O -976.296 9.591 1.2742 0.1105 0.6371 


End of the table 


Table D.4: Shape factors of minerals (Tavares and King, 1998) 


Sample Density, p Shape fac- Surface 
(g/cm?) tor, B rough- 
ness factor, 
Fy 

Alumina 3.6 0.524 1.24 
Glass 2.25 0.524 1.24 
Apatite 3.21 0.45 1.305 
Barite 4.38 0.45 1.305 
Chromite 4.42 0.446 1.309 
Corundum 4 0.444 1.311 
Feldspar 2.61 0.489 1.269 
Fluorite 3.1 0.392 1.366 
Galena 7.4 0.505 1.256 
Gilsonite 1.07 0.367 1.397 
Halite 2.32 0.51 1.252 
Hematite 5.24 0.408 1.348 
Magnetite 5.12 0.52 1.244 
Pyrite 4.9 0.411 1.345 
Quartz 2.65 0.476 1.281 
Resinite 1.09 0.404 1.353 
Sphalerite 4.1 0.406 1.35 
Basalt 2.59 0.367 1.397 
Coal 1.4 0.448 1.307 
Copper ore 2.83 0.413 1.343 
Gold ore 2.85 0.407 1.349 
Tron ore 3.8 0.395 1.363 
Limestone 2.72 0.386 1.373 
Taconite 3.65 0.363 1.402 


Additional Data and Calculation Procedures 563 


D.3 Calculation of the chemical exergy of fuels 


According to Lozano and Valero (1988), gaseous fuels can be treated as a mixture 
of ideal gases and thus their chemical exergy can be calculated as in Eq. (D.1). 


Deh gas = Xi (0 + RTolnaz;) (D.1) 


where x; is the molar fraction of the chemical substance 7 and De , is the standard 
chemical exergy of substance 7. 

The exergy for gaseous fuels can thus be calculated with Eq. (D.1) or with the 
general methodology applied to liquid and solid fuels, explained next. 

The procedure is based on the general molecular formula of Eq. (D.2). 


CHOSE VE EZ: (D.2) 


where W represents the moles of liquid water (moisture) and Z the ashes. Coeffi- 
cients h, o, n, s, w and z are moles of H, O, N, S, water and ashes contained in 
the molecular structure of the fuel, per mole of C' content, respectively: 


h= AT 12.011 o= O 12.011 n= N 12.011 
~ OC 1.008 ~~ C 15.999 ~~ C 14.007 
s= S 12.011 w= W 12.011 y= Z 12.011 
~~ C 32.064 ~~ COC 18.015 ~~ C 1.000 


Note that W and Z apply only to solid fossil fuels and s = 0 in gaseous fuels. 
The standard average fuel exergy on a molar basis is then: 


Dy nel = bot, 0,NnS. + why + 2by (D.3) 


And 0° is calculated as follows: 
bf = AH}, — T°s? — S— fit,00 (D.4) 


where AH? ; and s} are the fuel’s standard enthalpy and entropy, T° the standard 
ambient temperature, f; the elements of the atomic composition vector of the fuel 
f = [1,h,0,n, s]’, and Hj o9 and j4;,99 the enthalpy and the chemical potential of 
the elements in the dead state (reference environment). 

The atomic composition vector of a gaseous fuel fj gas can be obtained with 
Eq. (D.5): 


pap taae Gs 
Fi,gas = Diath 6 a (D.5) 
1 


being r;,; the number of atoms j contained in component 7 of the mixture of gases 
and €; the molar composition of substance i in the fuel?3. The moles of C contained 
in the fuel are expressed as d; and are calculated as Vaan roi: &i. 


23 Gaseous fuels are assumed to contain the following 7 gases: CH4, CoH6, C3Hsg, CaHi0, Cs Ai12, 
No and CO2. 
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The formation enthalpy can be calculated with high or low heating values (HHV, 
LHV), using the following expressions: 


h 
0 0 0 0 


h 
HHV =LHV + (5 4 w) [AHP (i120), — AHP cit20) (D.7) 


In the case that the experimental heating values are not available, they can be 
approximated through the following: 
Liquid fossil fuels. Lloyd’s correlation (Lloyd and Davenport, 1980) in cal/mol C: 


HHV = 102,720 + 27, 360 - h — 32,320-0+19,890- n+ 85, 740: s (D.8) 
Solid fossil fuels. Boie’s correlation (Ringen et al., 1979) in cal/mol C: 

HHV = 100,890 + 27,990 -h — 42, 400-0 + 21,010 - m+ 80, 160-5 (D.9) 
For gaseous fuels, AH : can be calculated with the following equation: 
YS &: AF} ; 

a ae 


The standard entropy is calculated with the correlations proposed by Ikumi et al. 
(1982) for liquid fossil fuels and those of Eisermann et al. (1980) for solid fuels. 
Liquid fossil fuels, in cal/(mol C- K): 


AH: tice = (D.10) 


Stuct = 1.124 4.40-h + 10.66 - 0 + 20.56 -n + 20.70 + s (D.11) 
Solid fossil fuels, in cal/(mol C- K): 


Soucy = 8.88272 — 7.5231€~°59482( 18s) + 4.80748 (3 ) 
lin 


+12.9807 (3. ) + 10.6767 (= ) (D.12) 
lin n 
Gaseous fossil fuels: 
i (s? — Rin( $i 
S fuel = 28 (s a us P)) (D.13) 
1 


The calculation of enthalpy and chemical potential for each element (H;99 and 
H;,00) is done using Eqs. D.14 and D.15 and depends on the species composing the 
reference environment. 


Hyj,o0 = AH; + AC); (To — T°) (D.14) 
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To xy -P 
47,00 => AH; ; —ToAs; + AC, 5 (x To Tans t RToIn 57) (D.15) 


Where 2;,99 is a vector, including the molar concentration of the gases in the 
reference environment, AH;;, As; and AC); are enthalpy, entropy of formation 


and the specific heat change of the given species in the reference environment re- 
quired to form the element in equations D.16 and D.17. Subscript 0 denotes the 
environment, while superscript 0, the standard reference environment. 


Lozano (1989) proposed the three R.E. (J, IT and IIT) shown in Table D.5. 


Table D.5 Composition of the three R.E. proposed by Lozano 


(1989) 


aOokWwnre 
NNN Ne 


Co(j=1) CO2 (g) CO2 (g) COr (g) 
A (jj=2)  H2O (g) H2O0 (1) H20 ( 
O +(jj=3) — O2 (g) O2 (g) O2 (g) 
N @(jj=4) No (g) No (g) No (g) 
S 4(jj=5) SO2 (g) SO2(g) CaSO. -2H20 (s) 
Ca 4 (jj=6) CaCOsz (s) 


For R.E. J and IJ, AH; is calculated as in Eqs. D.16. The expression for the 
calculation of As; and AC); is analogous to that of AH; ;. Note that for element 
Hf, the enthalpy and specific heat taken for HzO must be in the gaseous and liquid 
state for R.E. J and IJ, respectively. 


(j =1) C: AHs,c = AH;,co, — AMyz0, 


(j =2) H: AHyy = 


AH x30 AH; 0, 


2 4 
Gj = 3) O: AHyo = AMS: 
(j =4) N: AHyn = AMIN: 


(j = 5) S . Ay s = —AH; 0, + AFH s05 
For R.E. III, the following expressions are valid: 


(j=1) C: 
(j=2) H: 
res 
=o N 
(j=5) $ 


Ayo = AFH} co, —= AFH; 0, 
AFH #50 AH} 0, 


Ay ay = 
is 2 4 
AH 
: AH} o a Shes. 
AHy 
a Ayn = = 
3AH 
: AH ys = AFF .co, = 2A HO = orn 


+AH caso4-2H,0 — AH ¢,caco; 


AH 
: AH} ca = —AH;}.co, = 7 + AFH cacos 


(D.16) 


(D.17) 
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The resolution of Eq. (D.15) is given in Table D.7. 
If the ambient temperature is different to that of the standard, then b? is replaced 
by b; in Eq. (D.3) (see Eq. (D.18)). And 0; is calculated with Eq. (D.19). 


Dfuel = 0CH,0,NnSs +w-bwt+z-bz (D.18) 


b; => AHF, — Tosi ora oS fj L45,00 (D.19) 


The enthalpy and entropy of the clean fuel and the moisture for liquid and solid 
fuels is obtained with Eqs. D.20 and D.21. 


T 
AH; = AH}, + | C,(T)dT (D.20) 
TO 
dy 
8; = 38) + CD) op (D.21) 
po T 


The specific heat for liquid fuels at a density of 15°C (p15) included in an interval 
between 0.75 and 0.96 kg/dm°, can be obtained through Eq. (D.22) in cal/(kg-K) 
(Perry and Chilton, 1992). 

1 


P15 


CiT\= (181 — 0.817) (D.22) 

The specific heats in cal/(kg-K) for the clean solid fuel, the moisture W and 
the ashes, Z, are ascertained with the correlations of Kirov?* (Perry and Chilton, 
1992): 


Cy,r(T) = —52 + 0.909T — 0.420 - 10-37 (D.23) 
Cy,w(T) = 703 + 0.632T + 9.610 - 10°/T? (D.24) 
Cy.z(T) = 142 + 0.1407 (D.25) 


The exergy of ashes, Z, is obtained directly through Eq. (D.26): 


. Ti 
bz = i OF (1 my 2) dT (D.26) 
To T 


24Note that Cp,r, Cp,r and Cp,w must be converted into cal/(mol-K) for the calculation of the 
enthalpy and entropy. 


Additional Data and Calculation Procedures 567 


The enthalpy of gaseous fuels can be calculated with Eq. (D.27): 


dover 2% [AG (T) — AE (T”)] 
dy 


AH, = AH}, + (D.27) 


Where h*(T) is obtained with the method of Zelenik and Gordon (1961): 


a T T2 T3 T4 a 
he(T) = RT (« + a2 9 + a3 3 + G4 7 + 5 5 + *) (D.28) 
The entropy of gaseous fuel can be calculated with Eq. (D.29): 
n * Pi 
i Se [s? (T) — Rin am (D.29) 


dy 


Where s*(T) is obtained through Zelenik and Gordon (1961) with Eq. (D.30) 


Te fb dB 
si(T)=R (catur + aT + a3 + a4 ar) 


; (D.30) 


Coefficients a; through a7 for the calculation of h*(T) and s*(T’) are provided 


in Table D.6 for the different constituents composing the gaseous fuel. 


From Eqs. D.4 through D.18, one can conclude that the exergy of fuels is a 


function of ambient conditions. This means, that if the temperature, pressure or 
the concentration of CO 2 for instance change, so will the exergy of a given fuel. 


Table D.6 shows the coefficients a, through to a7 for ideal gases required for the 


calculation of h*(T) and s*(T) in Eqs. D.28 and D.30, according to Zelenik and 
Gordon (1961). 


Additionally, Table D.7 is the resolution of Eq. (D.15) for the calculation of the 


chemical potential of elements included in hydrocarbons. 


Table D.6 Coefficients a; through to a7 (Zelenik and Gordon, 1961) 


ai a2 a3 a4 a5 a6 az 


CHa 2.928 0.002569 7.844E-06 -4.91E-09 2.04E-13  -10054 4.634 
C2 He 1.463 0.01549 5.781B-06 -1.26E-08 4.59E-12 -11239 14.43 
C3H8 0.8969 0.02669 5.431B-06 -2.13E-08 9.24K-12 -13955 19.36 
C4Ai0 1.522 0.03429 8.101EB-06 -2.92E-08 1.27E-11 -17126 18.35 
C5 Ai2 1.878 0.04122 0.00001253 = -3.70E-08 1.53E-11  -20038 18.77 
No 3.704  -0.001422 2.867E-06 -1.20E-09 -1.40E-14 -1064 2.234 
CO2 2.401 0.008735  -6.607E-06  2.00E-09 6.33E-16  -48378 9.695 


Table D.7: Calculation of the chemical potential of the elements according to 
three different R.E. J; IJ and III (Lozano, 1989) 


a Cc A O N Ss Ca C A O N Ss Cc Cc A Oo N S Ca 
AH? 2D cal/mole ACp,j, cal/(mole K) Asj, (cal/ mole K) 
I - - (0) [) -70,960 (0) 1.86 2.26 3.51 3.48 2.52 (0) 2.07 10.30 24.50 22.89 10.29 (0) 
94,052 28,898 
II - - 0 0 -70,960 10) 1.86 7.25 3.51 3.48 2.52 10) 2.07 -3.88 24.50 22.89 10.29 0) 
94,052 34,158 
Il) - - 10) 0 -152,032 -194,398 1.86 7.25 3.51 3.48 -12.72 DET) 2107 -3.88 24.50 22.89 -31.77 -53.37 
94,052 34,158 
el e2 e3 
I 1 (o) (0) 0 0 (0) (0) 0.5 (0) (0) 0 (0) -1 -0.25 0.5 0 -1 (0) 
II 1 0 10) 0 0) 10) 10) 10) 0) 10) 0 10) -1 -0.25 0.5 0 -1 0) 
Ill] 1 0 0 0 1 -1 0 0 0 0 0 0 -1 -0.25 0.5 0 -1.5 -0.5 
e4 ed 13.00 -cal/mole 
I (0) 0 (0) 0.5 0 (0) (0) 0 (0) (0) 1 (0) -98,546 -32,760 -7,777 -6,902 -85,372 [e) 
II 10) ie} 10) 0.5 0 10) 0 10) 0 10) 1 10) -98,546 -32,767 -7,777 -6,902 -85,372 oO 
III] 0 0 0 0.5 0 0 0 0 0 0 0 0 -98,546 -32,767 -7,777 -6,902 -145,967 -173,192 


T ‘ 5 
Hy,00 = AH j;—ToAsj+ACp,; (% —T°- Toin a) +RTbin [(@c05,00 * Po)** « (@H40,00 - Po)®? + (t05,00 - Po)®  (e#Ny,00 « Po)®* + (w305,00 - Po)®?| 


(D.31) 
Where: el, e2, e3, e4 and e5 are the exponentials used to calculate the contribution of the entropy change for gaseous reference substances. 2j,90 
is calculated with the following equations for each gaseous component (Ashrae, 2005): cQz,,00 = 0.0003(1—2 750,00); £O2,00 = 0.2099(1— 2 450,00); 


EN5,00 = 0.7898(1 — 277,0,00)} $Ox,00 = 10-9(1 — &H,0,00); ©H20,00 = Pu,H,0(To) = 217.99exp [ 9324 (374.16 — to) 7}_, Fi (0.65 — 0, 0170)’ ] 
To = To — 273.15; Fy = —741.9242; Fo = —29.7210; F3 = —11.55286; Fy = —0.868535; F5 = 0.1094098; Fe = 0.439993; Fy = 0.2520658 


89¢ 


saounosay joLaurpy s, yoy ay2 fo fhuysag ayp :vyoUny 
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D.4 Comparisons between the upper crust models of Grigor’ev 
(2007) and Rudnick and Gao (2004) 


Table D.8 shows a comparison between the chemical composition of the crust pro- 
vided by Rudnick and Gao (2004) and the one generated from the mineralogical 
composition of Grigor’ev (2007) derived from a mass balance. The values are ex- 
pressed in grams of substance per gram of crust, since this is the most readily 
accepted way of expressing the crust’s chemical composition. As a result €; is mul- 
tiplied by the molecular weight of each substance MW;. 


Table D.8: Comparison of Rudnick and Gao (2004) chemical composition of 
the upper Earth’s crust with the one generated by Grigor’ev (2007) according 
to Eq. 10.1. 


Element Rudnick and Gao (2004) From Grigor’ev (2007) Difference 


é;-MW;, g/g ej -MW;, g/g (€5-€5) /€j % 

O 4.72E-01 4.76E-01 -0.76 
Si 3.09E-01 2.86E-01 7.18 
Al 8.15E-02 7.02E-02 13.86 
Fe 3.92E-02 3.58E-02 8.59 
Na 2.73E-02 1.99E-02 27.08 
Ca 2.57E-02 3.86E-02 -50.54 
K 2.32E-02 2.43E-02 -4.68 
Mg 1.50E-02 2.25E-02 -50.18 
Ti 3.84E-03 1.50E-03 60.95 
Cc 1.99E-03 8.22E-03 -313.26 
Mn 7.74E-04 6.02E-05 92.22 
P 6.55E-04 2.53E-04 61.43 
Ba 6.28E-04 5.84E-06 99.07 
Ss 6.20E-04 6.13E-04 1.19 
F 5.57E-04 1.09E-03 -95.46 
Cl 3.70B-04 1.19E-03 -222.54 
Sr 3.20E-04 8.13E-07 99.75 
Zr 1.93E-04 4.98E-05 74.18 
Vv 9.70E-05 

Cr 9.20E-05 8.83E-07 99.04 
Rb 8.40E-05 

N 8.30E-05 

Zn 6.70E-05 3.11E-07 99.54 
Ce 6.30E-05 8.18E-06 87.01 
Ni 4.70E-05 4.07E-07 99.13 
La 3.10E-05 3.91E-06 87.39 
Cu 2.80E-05 4.64E-07 98.34 
Nd 2.70E-05 1.57E-06 94.20 
Li 2.40E-05 5.66E-10 100.00 
Y 2.10E-05 9.98E-07 95.25 
Ga 1.75E-05 

Co 1.73E-05 2.98E-09 99.98 
B 1.70E-05 1.45E-06 91.48 
Pb 1.70E-05 4.84E-07 97.15 
Sc 1.40E-05 1.83E-11 100.00 
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Table D.8: Comparison of Rudnick and Gao (2004) chemical composition of 
the upper Earth’s crust and the one generated by Grigor’ev (2007) according 
to Eq. 10.1. — continued from previous page. 


Element Rudnick and Gao (2004) From Grigor’ev (2007) Difference 


é;-MW;, g/g ej -MW;, g/g (€5-€5)/€j % 

Nb 1.20E-05 1.19E-07 99.01 
Th 1.05E-05 1.09E-06 89.66 
Pr 7.10E-06 

Hf 5.30E-06 

Cs 4.90E-06 

As 4.80E-06 9.24E-08 98.07 
Sm 4.70E-06 1.22E-09 99.97 
Gd 4.00E-06 

Dy 3.90E-06 

U 2.70E-06 5.97E-08 97.79 
Er 2.30E-06 

Be 2.10E-06 9.64E-08 95.41 
Sn 2.10E-06 2.01E-08 99.04 
Yb 1.96E-06 2.39E-07 87.82 
Ww 1.90E-06 4.63E-08 97.56 
Br 1.60E-06 

Ge 1.40E-06 

I 1.40E-06 

Mo 1.10E-06 7.22E-08 93.44 
Eu 1.00E-06 

Ta 9.00E-07 1.60E-08 98.22 
Tl 9.00E-07 

Ho 8.30E-07 

Tb 7.00E-07 

Sb 4.00E-07 5.04E-10 99.87 
Lu 3.10E-07 

Tm 3.00E-07 

Bi 1.60E-07 2.23E-09 98.60 
Se 9.00E-08 

Cd 9.00E-08 

In 5.60E-08 

Ag 5.30E-08 3.04E-09 94.26 
Hg 5.00E-08 5.16E-10 98.97 
Te 5.00E-09 5.79E-11 98.84 
Au 1.50E-09 1.80E-10 88.00 
Pd 5.20E-10 5.14B-13 99.90 
Pt 5.00E-10 4.89B-12 99.02 
Ru 3.40E-10 

Re 1.98E-10 

Rh 6.00E-11 

Os 3.10E-11 

Ir 2.20E-11 

SUM 1.00 0.98 


End of the table 
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D.5 Australian fossil fuel production 


D.5.1 Coal 


Table D.9 shows Australian coal production from 1913 to 2008. The data has been 
obtained from the British Geological Survey’s historical statistics (IMRB, Various 
years (1913-1923), (II, Various years (1924 - 1947), (CGS, Various years (1948- 
1955), (OGS, Various years (1956 - 1964), (IGS, Various years (1965 - 1971), (IGS, 
Various years (1972 - 1981), (BGS, Various years (1982 - 2002), (BGS, Various years 
(2002 - 2006), (BGS, 2006) and (BP, 2010). 


Table D.9: Evolution of Australian coal production. Values in ktonnes 


Year Anthrac. Bitum. Subbit. Lign. Year Anthrac. Bitum. Subbit. Lign. 
1912 1960 51 20,975 1,908 15,210 
1913 12,619 1961 60 22,347 1,988 16,543 
1914 12,657 1962 70 22,362 2,433 17,415 
1915 11,600 1963 62 22,629 2,568 18,756 
1916 9,971 1964 74 24,840 2,891 19,341 
1917 10,398 1965 1 28,685 3,191 20,993 
1918 11,126 1966 47 30,568 3,297 22,136 
1919 10,695 1967 39 31,806 3,425 23,763 
1920 13,178 1968 30 37,350 3,542 23,346 
1921 13,087 1969 15 42,349 3,735 23,282 
1922 12,498 1970 46,063 3,482 24,175 
1923 12,720 119 1971 45,841 3,161 23,382 
1924 13,980 130 1972 59,389 3,300 23,697 
1925 13,850 891 1973 57,355 3,298 24,676 
1926 13,465 973 1974 66,474 3,975 27,303 
1927 13,742 1,479 1975 62,417 3,300 23,697 
1928 12,032 1,618 1976 69,676 5,008 28,178 
1929 10,533 1,769 1977 72,679 5,529 29,250 
1930 9,686 1,861 1978 74,094 5,733 32,860 
1931 8,537 2,230 1979 72,679 5,529 29,250 
1932 8,725 2,655 1980 76,794 6,365 32,597 
1933 9,239 2,622 1981 93,405 7,190 32,990 
1934 9,734 2,660 1982 99,109 7,992 37,821 
1935 11,064 2,257 1983 99,828 8,998 34,191 
1936 11,555 3,094 1984 116,018 8,288 35,166 
1937 12,270 3,449 1985 158,256 36,985 
1938 11,869 3,735 1986 170,067 37,604 
1939 1987 178,399 44,877 
1940 1988 176,604 43,450 
1941 14,443 4,640 1989 190,085 48,252 
1942 14,612 2 5,014 1990 162,957 47,725 
1943 14,423 5,174 1991 167,472 52,124 
1944 13,944 35 5,098 1992 179,144 50,228 
1945 13,020 42 5,533 1993 180,045 48,458 
1946 14,000 138 5,799 1994 182,553 48,582 
1947 14,901 196 6,240 1995 193,534 50,751 
1948 15,022 6,801 1996 198,638 53,604 
1949 14,336 7,495 1997 216,690 58,160 
1950 16,816 7,446 1998 222,040 65,600 
1951 16,373 1,521 7,963 1999 232,860 65,820 
1952 18,084 1,635 8,235 2000 244,840 67,363 
1953 17,119 1,590 8,391 2001 266,710 64,958 
1954 18,212 1,871 9,482 2002 272,560 66,661 
1955 17,979 1,608 10,276 2003 280,700 66,809 
1956 18,050 1,536 10,731 2004 294,810 66,343 
1957 18,596 1,645 10,915 2005 308,000 67,152 
1958 58 18,917 1,798 11,832 2006 316,000 67,737 
1959 55 18,877 1,695 13,246 2007 333,000 66,033 

2008 333,000 66,033 

D.5.2 Oil 


Table D.10 shows Australian oil production from 1913 to 2006. The data has been 
obtained from the British Geological Survey’s historical statistics (IMRB, Various 
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years (1913-1923), (II, Various years (1924 - 1947), (CGS, Various years (1948- 
1955), (OGS, Various years (1956 - 1964), (IGS, Various years (1965 - 1971), (IGS, 
Various years (1972 - 1981), (BGS, Various years (1982 - 2002), (BGS, Various years 
(2002 - 2006), (BGS, 2006) and (BP, 2010). For the period between 1931 to 1940, 
oil data corresponds only to the region of Victoria. Up until 1964, the statistics 
include crude petroleum plus oil shale. 


Table D.10: Evolution of Australian oil production 


Year kton Year kton Year kton Year kton 
1913 5.52 1937 0.04 1961 1985 30,447 
1914 16.26 1938 0.03 1962 1986 27,151 
1915 5.03 1939 0.02 1963 1987 29,076 
1916 5.66 1940 0.02 1964 278 1988 27,493 
1917 10.27 1941 1965 334 1989 25,908 
1918 10.52 1942 1966 432 1990 30,548 
1919 10.15 1943 1967 993 1991 28,835 
1920 8.12 1944 1968 1,818 1992 28,326 
1921 1945 1969 2,065 1993 26,300 
1922 1946 1970 8,541 1994 28,505 
1923 1947 1971 14,803 1995 27,031 
1924 1948 0.12 1972 15,685 1996 28,407 
1925 1949 0.14 1973 20,635 1997 30,000 
1926 1950 0.16 1974 24,559 1998 28,000 
1927 1951 0.27 1975 21,738 1999 27,000 
1928 1952 1976 22,122 2000 37,000 
1929 1953 1977 22,793 2001 34,000 
1930 1954 1978 22,976 2002 33,000 
1931 0.08 1955 1979 23,141 2003 27,000 
1932 0.08 1956 1980 19,451 2004 20,748 
1933 0.08 1957 1981 19,799 2005 21,439 
1934 0.02 1958 1982 18,839 2006 20,831 
1935 0.02 1959 1983 21,209 2007 24,097 
1936 0.02 1960 1984 26,377 2008 23,799 


D.5.3. Natural gas 


Table D.11 shows Australian natural gas production from 1961 to 2006. The data 
has been obtained from the British Geological Survey’s historical statistics (IGS, 
Various years (1965 - 1971), (IGS, Various years (1972 - 1981), (IGS, Various years 
(1972 - 1981), (BGS, Various years (1982 - 2002), (BGS, Various years (2002 - 2006), 
(BGS, 2006) and (BP, 2010). 
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Table D.11: Evolution of Australian natural gas production 


Year Mm? | Year Mm? Year Mm? Year Mm? 
1961 0.34 1973 4,099 1985 13,470 | 1997 29,876 
1962 1.6 1974 4,677 1986 14,714 | 1998 30,361 
1963 Paar 1975 5,026 1987 15,023 | 1999 30,755 
1964 3.0 1976 5,929 1988 15,383 | 2000 31,165 
1965 4.0 1977 6,728 1989 17,806 | 2001 32,482 
1966 4.0 1978 7,320 1990 20,620 | 2002 32,606 
1967 4.3 1979 8,381 1991 21,694 | 2003 33,180 
1968 6.1 1980 9,567 1992 23,462 | 2004 35,224 
1969 265 1981 11,260 | 1993 24,457 | 2005 37,129 
1970 = 1,502 1982 11,565 | 1994 28,147 | 2006 — 38,883 
1971 2,274 | 1983 11,581 | 1995 29,761 | 2007 39,956 
1972 3,188 1984 12,600 | 1996 29,799 | 2008 38,256 


D.6 World’s fuel production 


D.6.1 Uranium 


Table D.12 shows the production of uranium in western countries and world pro- 
duction from 1945 to 2006. Approximate data of uranium production in western 
countries is extracted from the World Nuclear Association (WNA, 2012). For world 
production data, it has been assumed that western countries contribute to about 
69% of total production. From 2002 to 2008, world production information is di- 
rectly provided by the WNA (WNA, 2012). 


Table D.12: Production of uranium in western countries and the world. Values 
are expressed in tonnes 


Year Production World produc- | Year Production World 
w. countries tion w. countries production 
(WNA, (WNA, 2012) 

2012) 

1945 500 725 1977 29,000 42,029 

1946 500 725 1978 35,000 50,725 

1947 500 725 1979 39,000 56,522 

1948 1,500 2,174 1980 45,000 65,217 

1949 1,500 2,174 1981 45,000 65,217 

1950 = 3,000 4,348 1982 42,000 60,870 

1951 3,000 4,348 1983 36,000 52,174 

1952 2,000 2,899 1984 38,000 55,072 

1953 4,500 6,522 1985 = 35,000 50,725 

1954 6,500 9,420 1986 36,500 52,899 

1955 7,500 10,870 1987 34,500 50,000 

1956 ~—-:10,300 14,928 1988 36,000 52,174 

1957 20,000 28,986 1989 33,000 47,826 

1958 30,000 43,478 1990 = 27,500 39,855 

1959 34,000 49,275 1991 26,000 37,681 


Continued on next page... 
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Table D.12: Production of uranium in western countries and the world. Values 
are expressed in tonnes.— continued from previous page. 


Year Production World Year Production World 
w. countries production w. countries production 
(WNA, (WNA, 2012) 

2012) 

1960 32,000 46,377 1992 23,000 33,333 

1961 28,000 40,580 1993 = 22,500 32,609 

1962 = 25,500 36,957 1994 = 22,500 32,609 

1963 23,000 33,333 1995 —=—.25,000 36,232 

1964 = 22,500 32,609 1996 = 27,500 39,855 

1965 = 15,300 22,174 1997 28,000 40,580 

1966 = 15,000 21,739 1998 = 26,500 38,406 

1967 = 15,400 22,319 1999 = 22,500 32,609 

1968 17,000 24,638 2000 =. 26,500 38,406 

1969 17,000 24,638 2001 = 27,500 39,855 

1970 = 18,300 26,522 2002 26,000 36,063 

1971 19,000 27,536 2003 =25,000 35,613 

1972 20,000 28,986 2004 28,000 40,251 

1973 20,000 28,986 2005 41,702 

1974 19,000 27,536 2006 39,429 

1975 20,000 28,986 2007 41,282 

1976 24,000 34,783 2008 43,853 

D.6.2 Coal 


Table D.13 shows the world’s coal production from 1900 to 2009. The data from 
1981 to 2009 has been extracted from BP (2011). From 1900 to 1912 the information 
has been obtained from the estimations of Ortiz (1999). From 1913 to 1981, the 
data was obtained from the British Geological Survey’s historical statistics (IMRB, 
Various years (1913-1923), (II, Various years (1924 - 1947), (CGS, Various years 
(1948-1955), (OGS, Various years (1956 - 1964), (IGS, Various years (1965 - 1971). 


Table D.13: Evolution of the world’s coal production 


Year Mtcoal | Year Mtcoal | Year Mtcoal | Year Mt coal 
1900 1928 1440.0 1956 2220.0 1984 4191.5 
1901 800.0 1929 1540.0 1957 2300.0 1985 4420.8 
1902 820.0 1930 1390.0 1958 2400.0 1986 4528.8 
1903 850.0 1931 1240.0 1959 2480.0 1987 4629.9 
1904 900.0 1932 1110.0 1960 2590.0 1988 4735.7 
1905 920.0 1933 1150.0 1961 2440.0 1989 4818.5 
1906 1000.0 1934 1260.0 1962 2510.0 1990 4718.6 
1907 1100.0 1935 1310.0 1963 2610.0 1991 4538.8 
1908 1080.0 1936 1420.0 1964 2710.0 1992 4500.2 
1909 1100.0 1937 1510.0 1965 2760.0 1993 4382.5 
1910 1190.0 1938 1420.0 1966 2790.0 1994 4470.5 
1911 1200.0 1939 1550.0 1967 2677.0 1995 4592.5 
1912 1210.0 1940 1660.0 1968 2702.0 1996 4667.7 
Continued on next page... 


Additional Data and Calculation Procedures 


Table D.13: Evolution of the world’s coal production.— continued from previous 


page. 
Year Mtcoal | Year Mtcoal | Year Mtcoal | Year Mt coal 
1913 1320.1 1941 1745.0 1969 2826.0 1997 4702.1 
1914 1160.0 1942 1756.0 1970 2944.0 1998 4555.7 
1915 1175.3 1943 1770.0 1971 2950.0 1999 4544.5 
1916 1258.7 1944 1420.0 1972 3041.0 2000 4606.6 
1917 1310.4 1945 1324.0 1973 3065.0 2001 4819.2 
1918 1234.3 1946 1445.0 1974 3107.0 2002 4852.3 
1919 1084.7 1947 1622.0 1975 3253.0 2003 5187.6 
1920 1302.0 1948 1698.0 1976 3349.0 2004 5585.3 
1921 1118.0 1949 1670.0 1977 3510.0 2005 5886.7 
1922 1210.0 1950 1792.0 1978 3558.0 2006 6195.1 
1923 1340.0 1951 1570.0 1979 3719.0 2007 6408.1 
1924 1340.0 1952 1900.0 1980 3806.0 2008 6793.6 
1925 1350.0 1953 1930.0 1981 3831.1 2009 6940.6 
1926 1340.0 1954 1940.0 1982 3980.1 
1927 1450.0 1955 2100.0 1983 3986.8 

D.6.3 Oil 
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Table D.14 shows the world’s oil production from 1900 to 2009. The data from 1965 
to 2009 has been extracted from BP (2011). Until 1912, the information has been 
obtained from the estimations of Ortiz (1999). Between 1913 and 1965, the data was 
obtained from the British Geological Survey’s historical statistics (IMRB, Various 
years (1913-1923; II, Various years (1924 - 1947; CGS, Various years (1948-1955; 
OGS, Various years (1956 - 1964; IGS, Various years (1965 - 1971). 


Table D.14: Evolution of the world’s oil production 


Year Mtoil | Year Mt oil | Year Mtoil | Year’ Mt oil 
1900 0.0 1928 183.8 1956 842.7 1984 2814.6 
1901 4.5 1929 207.0 1957 888.4 1985 2792.1 
1902 9.0 1930 197.0 1958 910.8 1986 2935.9 
1903 13.6 1931 190.5 1959 984.0 1987 2947.1 
1904 18.1 1932 180.8 1960 1053.6 1988 3069.0 
1905 22.6 1933 199.1 1961 1131.8 1989 3102.9 
1906 27.1 1934 207.3 1962 1208.0 1990 3170.6 
1907 31.7 1935 228.6 1963 1303.5 1991 3160.5 
1908 36.2 1936 249.9 1964 1403.1 1992 3190.0 
1909 40.7 1937 283.5 1965 1500.6 1993 3188.6 
1910 45.2 1938 279.4 1966 1700.6 1994 3237.2 
1911 49.8 1939 289.9 1967 1824.7 1995 3281.0 
1912 54.3 1940 299.0 1968 1990.9 1996 3376.5 
1913 56.0 1941 310.6 1969 2141.2 1997 3480.5 
1914 59.0 1942 290.6 1970 2355.2 1998 3548.3 
1915 62.7 1943 320.6 1971 2492.6 1999 3482.9 
1916 67.4 1944 342.0 1972 2636.6 2000 3618.1 
1917 71.8 1945 361.9 1973 2866.6 2001 3602.7 


Continued on next page... 
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Table D.14: Evolution of the world’s oil production.— continued from previous 
page. 


Year Mtoil | Year Mt oil | Year Mtoil | Year Mt oil 
1918 69.1 1946 383.4 1974 2875.2 2002 3575.6 
1919 79.3 1947 423.2 1975 2734.4 2003 3701.3 
1920 99.8 1948 477.5 1976 2969.0 2004 3862.6 
1921 113.1 1949 475.1 1977 3073.2 2005 3896.8 
1922 124.1 1950 530.2 1978 3103.1 2006 3914.1 
1923 146.9 1951 600.9 1979 3233.1 2007 3901.4 
1924 146.1 1952 632.6 1980 3087.9 2008 3934.7 
1925 154.1 1953 668.5 1981 2910.0 2009 3820.5 
1926 157.4 1954 699.0 1982 2795.6 
1927 181.7 1955 774.5 1983 2759.2 


D.6.4 Natural gas 


Table D.15 shows the world’s natural gas production from 1900 to 2009. The data 
from 1970 to 2006 has been extracted from BP (2011). Until 1920, the information 
has been estimated from US natural gas production, which is a compilation of data 
from the “Espasa” encyclopedia (ESPASA, 1986) between 1900 - 1921. Between 
1921 and 1970, the data was obtained from the British Geological Survey’s historical 
statistics (IMRB, Various years (1913-1923; II, Various years (1924 - 1947; CGS, 
Various years (1948-1955; OGS, Various years (1956 - 1964; IGS, Various years 
(1965 - 1971). For 1945-1947, a linear increasing rate has been assumed due to a 
lack of data. 


Table D.15: Evolution of the world’s natural gas production. Data in billions 
of cubic metres 


Year World Prod. | Year World Prod. | Year World Prod. 
1900 3.5 1937 72.5 1974 1201.5 
1901 5.0 1938 75.2 1975 1203.3 
1902 5.9 1939 80.5 1976 1252.9 
1903 6.7 1940 80.4 1977 1301.5 
1904 7.3 1941 112.2 1978 1347.3 
1905 7.5 1942 91.1 1979 1438.0 
1906 10.8 1943 98.9 1980 1448.5 
1907 11.5 1944 106.6 1981 1475.8 
1908 11.2 1945 121.1 1982 1478.0 
1909 13.4 1946 135.6 1983 1483.2 
1910 14.6 1947 150.1 1984 1614.9 
1911 14.7 1948 164.6 1985 1666.7 
1912 15.8 1949 175.6 1986 1713.6 
1913 16.2 1950 184.1 1987 1798.7 
1914 16.5 1951 239.0 1988 1882.4 
1915 17.6 1952 257.1 1989 1943.3 
1916 21.0 1953 270.1 1990 1991.8 
1917 22.1 1954 295.9 1991 2023.7 
1918 20.3 1955 323.6 1992 2037.0 


Continued on next page... 
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of cubic metres.— continued from previous page. 


Year World Prod. | Year World Prod. | Year World Prod. 
1918 20.3 1955 323.6 1992 2037.0 
1919 21.0 1956 351.8 1993 2073.1 
1920 22.4 1957 386.3 1994 2093.6 
1921 19.8 1958 388.6 1995 2134.7 
1922 22.8 1959 432.4 1996 2227.9 
1923 29.8 1960 472.9 1997 2231.5 
1924 33.7 1961 511.8 1998 2279.5 
1925 35.3 1962 558.5 1999 2343.7 
1926 38.9 1963 609.8 2000 2425.2 
1927 42.7 1964 663.8 2001 2482.1 
1928 45.6 1965 706.9 2002 2524.6 
1929 56.4 1966 759.8 2003 2614.3 
1930 57.6 1967 821.5 2004 2703.1 
1931 49.3 1968 889.1 2005 2779.8 
1932 47.0 1969 955.1 2006 2865.3 
1933 47.4 1970 1009.3 2007 2954.7 
1934 54.6 1971 1073.8 2008 3060.8 
1935 57.5 1972 1125.3 2009 2987.0 
1936 65.5 1973 1180.2 
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Appendix E 


An Interview with Nicholas 
Georgescu-Roegen 


By Antonio Valero (http : //habitat.aq.upm.es/boletin/n4/aaval.html) 


In November 1991 an American colleague and I went to visit professor Nicholas 
Georgescu-Roegen at his home in Nashville. He had been a lecturer at Vanderbilt 
University and had since retired. He lived in a typical American chalet. It was 
enormous and most curiously was completely full of open books scattered around 
various tables, denoting the intensity at which he worked. At this time his discreet 
wife was alive, although she was not in good health. I could not image the 
grumpy Prof. Georgescu-Roegen, without the help of her wife. It was evident 
that he really needed her and they were alone in that house, almost lost in a large 
urbanisation. 


A few years before (back in 1986) I had published The General Theory of Exergy 
Saving when I realised that in using the Second Law to conceptually approximate 
Economics one would obtain results that had already been written by Nicholas 
Georgescu-Roegen at the beginning of the 1970s his book the Entropy Law and the 
Economic Process which took him on an intellectual path which ran the opposite 
direction to the norm - from Economics to the Second Law. 


I will always consider Thermodynamics to be essentially an economic theory of 
Nature and I have worked in this creating a logical extension from the Second 
Law that includes the ideas of cost and that of irreversibility and with these the 
concepts of purpose, efficiency and causality. I did it with my collaborators with 
the old Carnotian style, focusing on how one could improve “thermal machines”. 
The surprise came when I realised that professor Georgescu-Roegen, who from 
a completely opposing camp (from Economics), had managed to criticise their 
doctrine for not including the concept of irreversibility but instead the concept 
of total capital substitutability for natural resources. Jokingly, Herman Daly 
referred to this as the magic trick of making a cake with a chef and a kitchen but 
without ingredients. 


Georgescu-Roegen is the Father of Ecological Economics, in which both Ther- 
modynamics and the Second Law play a fundamental role. We (a scarce few 
Thermodynamic engineers) contributed to the creation of Thermoeconomics, a 
tool which is used to improve and optimise energy systems and which is based 
on the systematic application of the Second Law, using the ideas of cost and ef- 
ficiency. The connection was evident. For this reason I decided to get to know 
professor Georgescu-Roegen personally. 


He was not up for much intense activity when I went to visit him in his home 
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and as one knows he died in 1994. Jacques Grinevald protested bitterly when his 
death went largely unnoticed. I was in the U.S. when he died and I must say that 
the New York Times wrote a brief review. It was not quite what he deserved but 
it was with time that his statue grew. He had after all been one of the greatest 
thinkers of the 20th century. 


The interview did not pretend to be one of a journalist’s standard. It was only for 
my exclusive and personal use. I was interested to know his opinion on some of 
the themes which made me restless, such as the consequence of my own theory’s 
development. And for this it served. I have not rewritten here everything we spoke 
about, above all of those vital experiences that he had had in visiting Spain and 
Latin America. Yet I do publish his opinion on his thought and that which is the 
most important. They could well have been some of his last ever words on the 
subject. 


Forever Prof. Georgescu-Roegen. 


Nicholas Georgescu-Roegen was born in Constanza, Romania, in 1906. He tells 
us that despite his second name, which was Romanised, he has Greek roots. 


Nicholas Georgescu-Roegen: When my father was born in the nineteenth cen- 
tury (1850) when he was over there, there was a special kind of arrangement. Family 
names at that time did not exist in Romania. People were named according to where 
they were from; the upper classes had the names of the places where they had their 
fields. The other case was almost like that of the Jews. The Romans had a family 
name. The Ancient Greeks didn’t. It was something like that. My grandfather’s 
name was Athanasius, but his first name was George. And when my father went 
to school he had to be listed in the register and so the teacher asked him- “What’s 
your name?” and he said “Stavros”. “Yes, but what’s your family name?” and he 
said “I don’t know what that is.” -Well, what’s your father’s name, then?. “George” 
-“Very well, then, you’re Georgescu!’- a romanisation. So that was how it was. I 
should have been Nicholas Athanasius, because I’m half Greek, but it isn’t -and 
that’s why. 


Antonio Valero: You have always encouraged the study of the Ancient Greeks as 
a way of reflecting on our modern society. Do you believe that Greek thinking has 
determined our way of thinking, of understanding our present society? 


Nicholas Georgescu-Roegen: You know, the British think (and also our Amer- 
ican colleagues) bigger and bigger. But if the Greeks had not made us think about 
the cause, the “proximate cause”, the First Cause, we would still be in the same 
situation as the Indians or the Chinese. Either contemplative, like the Indians, or 
simply registering facts without asking why. That’s why they invented the compass. 
Aristotle talks of four types of cause. All of them explain what a thing is, what it 
is intended for, how it was made, why it was made. I believe the Greeks have given 
us this view of the world so we can not nowadays ask one single question which has 


An Interview with Nicholas Georgescu-Roegen 581 


not been asked and found in Aristotle or Plato. There is no single question. I’ve 
just finished reading a book about the future of the human being. The problem 
which preoccupies many people - physicists, chemists, astronomers - is the future of 
the universe. They have always talked about this, but now the question has become 
‘“why?”. Because they say that there is more matter in the invisible universe than 
in the visible. And now they are trying to get knowledge of the invisible matter - 
i.e. matter which cannot be seen. And the way they go about that is by asking 
questions and trying to suggest why?, why?. The Chinese language, the old Chinese 
doesn’t have the word “why?”. They knew only for what purpose. As I said, with- 
out the Greeks we would still be a contemplative community or society. One of my 
colleagues, one day, he says (and I said to him “that’s very interesting, because that 
idea has something to do with what Aristotle said”): “Why should I read Aristotle? 
He lived twenty five centuries before me. I live now”. I talk about it in one of my 
papers. I get my assistant and ask how far back the references go of a man who is 
publishing today, and it will be in the eighties, in 1985 or 6, say. He’s in the New 
Wave. He’s not been pushed by, and he’s making it. That is the idea. And this is 
particularly true because it reflects this type of broker business philosophy. 


Antonio Valero: In the Promethean Condition of Viable Technologies you pro- 
pose in the end that conservation is the only solution. 


Nicholas Georgescu-Roegen: Do you know why I proposed conservation? Be- 
cause there’s some bad weather coming?...some snow, and I wont be able to go 
to the grocer’s? Because I have to live for three or four days with what I already 
have in the pantry? Because I should eat a little less than usual every day? No. 
That’s not my idea. My reason is this -In the past there have been similar crises. 
At one time there was a wood crisis, such a big crisis that people tried to economise. 
And in England and even in Norway there are rules and restrictions attached to 
the cutting of trees. And coal wasn’t considered until the 16th century in Europe. 
The Chinese had it earlier and they used it to make oils. So they knew about it, 
but it was a very difficult thing to get. You scrambled over the water and there 
was the mine. All mines have plenty of water in them below the ground, so what 
do you do? Well, to get at the coal you have to take out the water, so hundreds of 
horses were used to drain it from the mines - the power of animals was used to get 
at the coal. And the coal has, say, a kilogram of energy in it so it is not worth using 
the energy of the animals to get the water out and thereby get at the coal. Then 
Prometheus’ second gift arrived - the steam engine. Now, you see, at that time 
there was a change. We know that there have been crises in the past very similar 
to those we face nowadays. And we know that there was a solution. A Promethean 
solution. Now, the Economy postponed the real catastrophe for some years. My 
idea is that with conservation we gain time and in gaining time we make it more 
probable for a third Prometheus to arrive. If it is to arrive. We don’t know what is 
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to come next. This way we increase our chances. If not, what’s going to happen? 
We have to go back to where the steam engine found us. That means going back to 
the “wooden age”. But how do we get back to that? That’s the problem I’m talking 
of. Because you have to share your food with the animals. And there are already 
too many of us. If we just stopped now there would be some kind of catastrophe, 
with people who have nothing invading other places and so on. So, in order to 
slide down slowly from the energy of the steam engine to the energy of wood and 
perhaps the energy of the winds and the tides and running water which are also 
solar, though they are called indirect. In order to slide back to the time of Plato, 
of Charlemagne, of Galileo, we need a slow change that will avoid the catastrophic 
shake-up of humanity. And this is my reason for conservation. I’m not saying, oh, 
conservation, conservation, which people think means going without for a few days, 
not eating everything today. It’s not that. Because that would be stupid. One of 
my colleagues asked me a stupid question - he said “Oh yes, conservation, conserva- 
tion, but how can you be sure that humanity will even continue to exist in the next 
thousand years?”. Do you know Eskilos, in Antigone? When the messenger comes 
to tell him that Antigone has buried her brother, that’s bad news, so he came and 
said “I don’t want to bring bad news. Nobody likes to be the bringer of bad news”. 
And another thing. There are economists who don’t like my theory and they say 
“What sort of time scale are you thinking in? 500 years? 1000 years? 2000? 3000?” 
They want to fit me into a time scale, to be more precise than anyone possibly 
can be. I said “I’m talking about the flowing future, the future that is subject to 
change”. Change that I am not able to predict. I can’t say it will happen next year 
or the year after. I only know that things will go in one direction or the other and 
[I’m simply saying here that we’re at this crossroads, and that at this crossroads our 
best option is conservation. Nor is it as simple as I say in my papers. The question 
isn’t to start saying “Oh, Georgescu’s going to start conserving”. Conservation is 
to be applied for just the reason I’ve come to work with it. I could give you a list 
of articles on conservation written by engineers. But there is another way to talk 
about conservation and this is conservation from the point of view of entropy. You 
can say “Well, there are certain mechanisms, boilers, for example, which exist in 
order for things to be the way they are, and with a few small modifications we can 
make them more useful, improve their efficiency”. Most of New York, for example, 
is heated by steam that comes from plants. That’s an example of how you can do it. 
You make the system more efficient because everything remains the way it is. But 
this is technological conservation. And I’m talking about entropic conservation, in 
which the conservation of materials is implicit. I formulated the fourth law which 
has not been accepted. Why not? I don’t know. No one has attacked it. No one has 
said it’s OK. Some Italians have written to me and I haven’t had time to answer 
them. One paper has accused me of trying to present my Law, the Fourth Law, 
as something new when actually it is a known fact. That was Mr A, and then Mr 
B comes along and says “No, in fact it’s wrong”. So someone says it’s true but it’s 
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been known since the time of Tutenkhamen and another one says it’s not known at 
all. It’s new but it’s wrong. So in the end I don’t know whether what I’m saying is 
something new or something wrong, or what? 


Antonio Valero: Do you agree that recycling is one of the solutions? 


Nicholas Georgescu-Roegen: Yes, but not maybe what most people mean by 
recycling. You know what I said about recycling? What can you recycle? You can 
only recycle the “carbojunk”. That means that you can recycle the matter that is 
still available but not in a useful form. Broken glass, for example. You can recycle 
the glass, you can recycle the material, but when a glass breaks you can’t recycle 
that glass. There are some small molecules that you can’t recycle. So you can 
recycle, of course, but there are some people who maintain that you can recycle 
completely. 


Antonio Valero: And what about production? 


Nicholas Georgescu-Roegen: I have written about this too. Production means 
time. I was in Rome, at a meeting of the Association of Italian Economists and I 
noticed how people who have worked on conservation and discuss the problems of 
the conservation of energy confuse the ideas of flows and resources. A lot of people 
talk about the problem of resources. But what is output a function of? Labour, 
machinery, capital and natural resources. In Economics we can make this substitu- 
tion - you can have a farm with more capital and less labour or more labour and 
less capital. Or more land and less capital or more capital and less land. This is the 
substitution. So they say “If you reduce the resources you can increase the capital”. 
But what matters is not substitution but complementarity. 


Antonio Valero: What can you tell us about your professional relationships? 


Nicholas Georgescu-Roegen: Listen - three or four times my old professors, my 
old colleagues have treated me in a most incredible way. Once I presented a paper 
at the International Economics Association in Rome. Only invited speakers were 
allowed and you had to submit your paper at least a month in advance for distri- 
bution. You personally didn’t present your paper. In your discussion you had to 
summarise and say what you thought was good about it and what was bad. My 
reporter was an economist from Israel, Potemkin. My paper was the first paper, 
the opening paper of the Congress. The previous evening we were put together in 
the same hotel and had dinner together. Potemkin sat opposite me at table and 
talked about all kinds of things - paradise, hell, nice girls, bad men...this was his 
conversation. And he had to present my paper the next day. He got up and he 
said “I cannot summarise or present the content of Professor Georgescu’s paper be- 
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cause it is based on a fantastic mathematical error” and then he sat down. The 
conference was on agriculture in the developing countries. Most of the agronomists 
and economists there knew nothing of mathematics. The only one there who knew 
mathematics was his assistant and this man, who was there to report on some- 
one else’s paper, stood silently on the platform behind him during our exchange of 
views. Before I got home I received a letter from the secretary of the Congress in 
which he said “Here is a copy of a letter from Professor Potemkin - Dear Mr X, 
having arrived home and read Professor Georgescu’s paper, I now realise that he 
was right and I was wrong, and as wrong opinions should not be put down in black 
and white I would like to withdraw my comments from the proceedings”. And I 
had to approve this because otherwise the secretary could not accept it. What do 
you think I did? I let him take it out. What I would have done is this, see. I would 
have met you, I would have talked about the problem. I would have known I would 
be presenting your work to two hundred people so I wouldn’t simply have stood up 
and said “Nicholas, I think you are wrong”. 


Antonio Valero: Do you think that humanity’s great theories and discoveries are 
the results of individual geniuses or of the collective mind? 


Nicholas Georgescu-Roegen: People don’t produce innovation and invention. 
The Community does. The Community is like a balloon, and when it’s about to 
burst along comes somebody like Newton. If Newton hadn’t existed somebody else 
would have come along because the idea came to Newton’s mind as if he were some 
kind of interpreter. Someone asked the question - what would have happened if 
Newton, instead of having the mind of Newton, had had the mind of Kepler? And 
if Kepler had had the mind of Newton? I wrote a paper on this subject. Were they 
unique minds? The best argument against this idea is that there aren’t you can’t 
talk so much of “people” as of “discoveries”. Many discoveries have been made at the 
same time and I asked why it should be that this is so. Because some are like the 
answers to mathematical questions. The professor sets a mathematical problem, 
say - find the solution to this differential equation. Naturally, if the problem is set 
and it is a problem that preoccupies society, then many people will try to solve it 
and there would be at that time, or maybe within periods of fifty or a hundred 
years, the same discoveries made. Well, I would say that, in that case, how should 
we see the Law of Gravity? You can look at it as a kind of power that emerges 
in a uniform manner in the whole of space, the further away from a body you are, 
the less force there is. Nowadays we see that this led Newton to what we consider 
his great discovery - gravity. I have given other interpretations in the past, and for 
other things such as optics, etc. I put it forward as an example of the kind of theory 
I have about cosmology. If two things are quantitatively measurable and directly 
connected, the relations between them are linear. There are only a few cases in 
which linearity works in this way, giving a kind of qualitative residue. If you’re an 
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engineer, then you know Hookers Law, which is linear. And any lack of linearity 
is the residue - the qualitative residue; the phenomenon involves a quality. This is 
why we have so many different forms of measurability. 


Antonio Valero: And what about value and cost? 


Nicholas Georgescu-Roegen: That is an extremely complicated question you 
have just asked. What do you think value is? You might think in terms of some- 
thing that would make people generally happy, such as democracy, good schools, 
good universities, good friends. These are things which have a value because we 
want them. On the other hand, the question is commodity - either you work for 
something or you pay for it. This means that sometimes you make a trade-off of 
your own services for those of others. This you do in a market and this is the type 
of value Marx speaks of, and also the Neo-classicists. But you will find that I am 
criticising the people who see energy as a value. Let’s say you take some caviar and 
some potatoes and you calculate the energy in both of them. One piece of caviar 
has 1,000 calories and the potatoes you could buy for the same price has an equal 
number. Engels was the first to complain about this. Engels said, in 1877, that 
there are people who have argued by measuring the physical force of work and then 
established how much money this should fetch per hour. This is my criticism of Karl 
Marx, who only attaches one value to labour and not to any kind of unskilled labour 
- rudimentary labour, such as a fellow who carries heavy things around a harbour. 
In the end, they say, you have to be able to measure the accumulated labour. That 
sounds all right, but I ask - if you establish that one unit of Georgescu’s skilled 
labour is equal to twenty units of unskilled labour, that means the two are substi- 
tutable, and my question is: how many unskilled workers would you need in order 
to write Das Kapital? I would say that’s better than Engels. It’s a problem. There 
are a couple of articles which show you just how absolute the principle is -how, if 
you accept the principle from the beginning, what kind of absolute you arrive at in 
the end. And this is worse than in Marx’s case, where Marx was saying that labour 
is substitutable, whereas these people say the same thing about energy. At least 
Marx has a connection with people. Energy doesn’t have this connection. 


Antonio Valero: And what about purpose and efficiency? 


Nicholas Georgescu-Roegen: I don’t know how you can establish the connection 
between efficiency and purpose, because purpose is something that precedes action 
- acrime, for example, as the purpose of a criminal, or a dictator - it’s not necessary 
to have a connection between the one and the other. So purpose is a general concept 
which is attached to something according to a group of people who recognise the 
existence - and importance - of purpose. Like myself, like many others. Purpose 
is a general thing and it’s an aspect, an element, a part of any connected action. 
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We can’t say the moon’s orbits have a purpose, but my studying it has a purpose. 
Two things are connected, and the connection disappears if you eliminate the mind 
- purpose and error. Nature doesn’t make errors - people make errors. When you 
say 2+2=5, that seems perfect for natural science. An electron in your brain jumps 
and you write 5 instead of 4. It’s an error. It’s because of mankind that errors exist, 
because of man’s activities, because their actions have a programme. My wife is 
European. She washes the dishes. I don’t break them. She breaks them - because 
she is the one who washes them. Error and purpose are connected. Error is entirely 
due to purpose. The purpose is defeated. 


Antonio Valero: Efficiency is a measure of what you want, of what your purpose 
is. 


Nicholas Georgescu-Roegen: You want efficiency, but you also want food, you 
want to eat, you want to have a family, so you say that purpose is connected to all 
these activities. Efficiency is one aspect of our activities. Only one aspect. And 
that’s exactly what I’m saying - great efficiency is desirable , but not always. Nowa- 
days it’s more efficient to go from New York to Paris by plane than by boat, but is 
it desirable? Would it not be better to go by boat and not enter into this kind of 
society? Primarily, there have been a lot of influences on the culture of our beliefs. 
My philosophy is to find what is “there”. You write the sentence “What is there?” 
(with a question mark). My philosophy is concerned with what is causally there, 
do you understand? I’m not interested in what is there in the sense of “What is 
there?”, “What is in the house?”. I’m interested in the house, what is another house 
and what do you mean by “there”? Some people think that “there” is over there and 
others think that it is in another place, so I want to find out, what is “there”? 


Antonio Valero: For example, causality. 


Nicholas Georgescu-Roegen: I believe in causality. I’m an Aristotelian. If 
there’s no causality, there’s no will. Causality means to say why, for what purpose, 
and then to say how. You make a statue of marble, or you make it of wood; but 
what kind of statue would be better made in marble, and what kind of statue would 
be better made in wood? Brancusi, one of the originals of abstract sculpture, said 
that every material has in it the type of sculpture that fits it. You take anything 
that is there as an artist does. You have to discover. 


Antonio Valero: Here we leave Professor Georgescu-Roegen in a room full of 
books, papers, notes, full of his philosophy. He died a few years after this interview. 
He was not in good health during his last years but his mind was as bright and sharp 
as ever, and his temper just as grouchy. Goodbye, Professor Georgescu-Roegen. 
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Fig. E.1 Nicholas Georgescu-Roegen with Antonio Valero during the interview in 1991 
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